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ABSTRACT
The analysis of acoustics in heating, ventilation and air conditioning systems is 
presented. The objective of this ASHRAE funded (ASHRAE TRP 556) project was to present 
the HVAC designer with a set of algorithms for determining the acoustical characteristics of 
heating, ventilation and air conditioning systems that are useful and reliable. All algorithms 
are based on current verifiable published and available unpublished test results.
Algorithms that are presented here fall under the following general headings:
Equipment Sound Power
Duct Element Regenerated Sound Power
Duct Element Sound Attenuation
Duct Breakout and Breakin
Sound Attenuation through Ceiling Systems
Receiver room sound corrections
Sound Transmission through mechanical equipment room floor and walls 
Addition of Sound Levels
Comparison of sound pressure levels with specified design criteria 
Sound attenuation in outdoor environments
The algorithms developed under the general heading of "Equipment Sound Power" are 
"Fans" and "Chillers."
The algorithms developed under the general heading of "Duct Element Regenerated 
Sound Power" include: 1. rod or bar in duct, 2. dampers, 3. elbows fitted with turning vanes, 
and 4. junctions and turns.
Algorithms developed under the general heading of "Duct Element Sound Attenuation" 
include: 1. Sound Plenums, 2. Unlined Rectangular Ducts, 3. Acoustically Lined Rectangular 
Ducts, 4. Unlined Circular Ducts, 5. Acoustically Lined Circular Ducts, 6. Elbows, 7. 
Acoustically Lined Circular Radiused Elbows, 8. Duct Silencers, 9. Duct Branch Power 
Division, 10. Duct End Reflection Loss, and 11. Terminal Volume Regulation Units.
Algorithms that fall under the general heading of "Duct Breakout and Breakin" include:
1. breakout and breakin of rectangular ducts, 2. breakout and breakin of circular ducts, 3. 
breakout and breakin of flat—oval ducts, and 4. breakout and breakin of externally lagged 
rectangular ducts.
Algorithms that fall under the heading "Comparison of sound pressure levels with 
specified design criteria" include 1) an algorithm for determining NC levels, and 2) an 
algorithm for determining RC levels.
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1CHAPTER 1 
INTRODUCTION
Over the past 10 years ASHRAE Technical committee TC 2.6 Sound and Vibration 
Control, has sponsored research that has greatly expanded the available technical data 
associated with HVAC acoustics. This data, all of which has been included in the ASHRAE 
Handbook chapter on Sound and Vibration Control, has greatly expanded the ability of 
designers to make more accurate calculations related to the acoustical characteristics of HVAC 
systems. However, one of the major difficulties associated with this analysis has been the 
enormous amount of time that is required to make the many repetitive calculations necessary to 
examine the sound properties of a specific system. In order for individuals to analyze the sound 
characteristics of a particular system and to make recommendations that are necessary to 
ensure a quiet system, the technical data and associated design procedures developed under the 
sponsorship of TC 2.6 must be presented in a format that is easy to use. The purpose of this 
ASHRAE funded (ASHRAE TRP 556) project was to present the HVAC designer with a set of 
algorithms that are useful and reliable. All algorithms are based on current verifiable published 
and available unpublished test results.
The objectives of this project were to: 1) develop algorithms in english, along with
discussions related to the development of the algorithms, references and other appropriate data 
associated with each of the respective algorithms; 2) produce a final report in a form that can 
be readily published by ASHRAE.
Algorithms that are presented here fall under the following general headings:
Equipment Sound Power
Duct Element Regenerated Sound Power
Duct Element Sound Attenuation
Duct Breakout and Breakin
Sound Attenuation through Ceiling Systems
Receiver room sound corrections
Sound Transmission through mechanical equipment room floor and walls 
Addition of Sound Levels
Comparison of sound pressure levels with specified design criteria 
Sound attenuation in outdoor environments
The algorithms developed under the general heading of "Equipment Sound Power" are 
"Fans" and "Chillers." The algorithm for fans is based on the methodology presented in the 
ASHRAE Handbook for determining the 1/1 octave band sound power levels of fans. The 
algorithms for chillers is also based on the ASHRAE Handbook. Methods presented here for 
determining sound pressure levels for chillers should be used for approximation only. Noise 
problems arising from water chilling assemblies are dependent upon so many variables that it is 
impossible to formulate a standard solution. Chiller manufacturers have yet to publish any 
substantial data due to a lack of an industry sanctioned, standard method of determining and 
reporting noise levels.
The algorithms developed under the general heading of "Duct Element Regenerated 
Sound Power" include: 1. rod or bar in duct, 2. dampers, 3. elbows fitted with turning vanes, 
and 4. junctions and turns. The algorithm for a "rod or bar in duct" is based on material 
presented by Faulkner. (16) Algorithms for "dampers," "elbows fitted with turning vanes," 
and "junctions and turns" are based on ASHRAE sponsored research performed by Ver and 
information in the ASHRAE Handbook. (36,44,45,46,47)
Algorithms developed under the general heading of "Duct Element Sound Attenuation" 
include: 1. Sound Plenums, 2. Unlined Rectangular Ducts, 3. Acoustically Lined Rectangular 
Ducts, 4. Unlined Circular Ducts, 5. Acoustically Lined Circular Ducts, 6. Elbows, 7. 
Acoustically Lined Circular Radiused Elbows, 8. Duct Silencers, 9. Duct Branch Power 
Division, 10. Duct End Reflection Loss, and 11. Terminal Volume Regulation Units. The
algorithm for "Plenum Chambers" is based on work originally completed by Wells. (48) Very 
little research has been undertaken investigating the acoustical properties of plenum chambers 
since Wells published his paper; thus, further experimental work needs to be performed in this 
area. Algorithms for unlined rectangular and unlined circular ducts are based on experimental 
data, which is presented in the ASHRAE Handbook. (36). The algorithms for lined and 
rectangular and circular ducts are also based on experimental data presented by Chaddock, 
Sabine, Ver, and Woods Fans. (10,14,39,45) The algortihms for lined rectangular and circular 
ducts are also based on experimental data. The algorithm for lined rectangular ducts is based 
on data by Kuntz, Kuntz and Hoover, and Machen and Haines. (22,23,24) Multivariable 
regressions were performed on this data to obtain a simple set of equations which can be 
programmed and implemented easily. The algorithm for lined circular ducts is based on data 
obtained from Bodley. (8) Similar multivariable regressions were performed on this data. The 
algorithms for unlined and lined square elbows are based on informatio in the ASHRAE 
Handbook. (4,37,38,40) The algorithm for acoustically lined circular Radiused Elbows, is based 
on data obtained from Bodley. (8) As with lined ducts, a multivariable regression was 
performed on this data to obtain a set of equations that is easily implemented in a computer 
program. The algorithm for duct silencers is based solely on product data. This should be 
kept in mind when using this algorithm, as it would be best to use product data specific to the 
duct silencers being installed in the ductwork. The algorithm for duct branch sound power 
division is based on ASHRAE sponsored work by Ver. (44,46) Very little experimental data 
relative to the low frequency sound attenuation associated with duct end reflection losses is 
available in the open literature. The algorithm for duct end reflection loss is based on work 
completed by Sandbakken, Pande and Crocker. (32) This work resulted in the technical basis 
for the duct end reflection correction that is part of AMCA Standard 300—85, "Reverberation 
Room Method for Sound Testing of Fans." (1) The algorithm for terminal volume regulation 
units is based solely on the 1984 ASHRAE Handbook. (38) Most of the available data will be 
proprietary manufacturer's data. This algorithm should be used only as a general guide.
Whenever possible it would be advisable to use manufactures data for determining the sound 
attenuation associated with terminal volume regulation units.
Algorithms that fall under the general heading of "Duct Breakout and Breakin" include: 
1. breakout and breakin of rectangular ducts, 2. breakout and breakin of circular ducts, 3. 
breakout and breakin of flat—oval ducts, and 4. breakout and breakin of externally lagged 
rectangular ducts. All the algorithms under this general heading are based on work by 
Cummings which is also summarized in the ASHRAE handbook. (11,12,13,36)
The Algorithm for the sound attenuation through ceiling systems is based on product 
data, and the ASHRAE handbook. Again, when an algorithm is based primarily on product 
data it is always a good idea to use the actual product data when available. Also coefficients 
for acoustical leaks and the quality of construction are somewhat subjective and should be used 
with caution. The algorithms for the receiver room correction and the sound transmission 
through mechanical equipment room walls is based on work completed by Reynolds and 
Bledsoe. (30)
Algorithms tha t discuss the addition of sound levels and the determination of NC and 
RC levels cover no new ground, but offer insight into the execution of these tasks tha t should 
be helpful. Programs that perform these tasks are included and should prove to be very useful 
and time saving.
The algorithm for sound attenuation in outdoor environments is presented to give the 
designer a general idea of outdoor sound attenuation. Approximations are made for 
atmospheric, and terrain conditions. Caution should be used if outdoor noise levels are critical. 
A more in depth analysis should be used when information is critical,
5CHAPTER 2 
EQUIPMENT SOUND POWER
2.1 FANS
The sound power generation of a given fan performing a specific task is best obtained 
from the fan manufacturers test data. However, when such data is not available, the 1/1 
octave band sound power levels for various fans can be estimated by the procedure described 
below.
Fan noise can be rated in terms of the specific sound power level. This is defined as the
3sound power level generated by a fan operating at a volume flow rate of 1 ft /m in (cfm) and a 
static pressure of 1 inch of H^O. By reducing all fan noise data to this common denominator, 
the specific sound power level serves as a basis for direct comparison of the 1/1 octave band 
sound power levels of different types of fans and as a basis for a conventional method of 
estimating the fan sound power levels of fans under actual operating conditions.
With respect to specific sound power levels, small fans tend to have higher values than 
large fans. While the size divisions shown in Table 2.1 are somewhat arbitrary, these divisions 
are practical for estimating fan noise. Fans generate a tone at the blade passage frequency. To 
account for this, the sound power level in the 1/1 octave band in which the blade passage 
frequency occurs is increased by a specified amount. The number of decibels to be added to 
this 1/1 octave band is called the blade frequency increment (BFI). Table 2.2 gives an 
estimate of the 1/1 octave band for different types of fans in which the blade passage frequency
6Table 2.1 Kw Specific Sound Power Levels for Fan Inlets or Outlets (36)
1/1 Octave Band Center Frequency — Hz
,n Type Wheel Size 63 125 250 500 1000 2000 4000
Centrifugal
Airfoil, Over 36in. 32 32 31 29 28 23 15
backward <  36 in. 36 38 36 34 33 28 20
curved,
backward
inclined
Forward All 47 43 39 36 34 32 28
Curved
Radial Over 40 in. 45 39 42 39 37 32 30
Blade, 40 -  20 in. 55 48 48 45 45 40 38
Pressure <  20 in. 63 57 58 50 44 39 38
Blower
Vaneaxial >  40 in. 39 36 38 39 37 34 32
<  40 In. 37 39 43 43 43 41 28
Tube axial >  40 in. 41 39 43 41 39 37 34
<  40 in. 40 41 47 46 44 43 37
Propeller
Cooling All 48 51 58 56 55 52 46
tower
Note: add 3 dB to the above values for the fan total sound power levels
Table 2.2 Blade Frequency Increments (BFI) (36)
1/1 Octave Band in BFI
Fan Type which BFI occurs dB
Centrifugal
Airfoil, backward curved 250 Hz 3
backward inclined
Forward curved 500 Hz 2
Radial blade, 125 Hz 8
pressure blower
Vaneaxial 125 Hz 6
Tubeaxial 63 Hz 7
Propeller
Cooling Tower 63 Hz 5
7occurs and the corresponding blade passage frequency increment. For a more accurate estimate 
of the blade passage frequency, the following equation can be used:
Bf =  x no* blcides (2.1)
where rpm is the rotational speed of the fan in revolutions per minute.
The specific sound power levels given in Table 2.1 are for fans operating at a point of 
operation where the volume flow rate equals 1 cfm (0.472 L/s) and the static pressure is 1 in. 
H^O (249 Pa). Equation (2.2) is used to calculate the inlet or outlet fan sound power levels 
corresponding to a specific point of operation.
[QL = K  +  10* Log. _ w w 10 Qi
+  20 • Log10 +  C (2.2)
where is the estimated sound power level of the fan in dB; I<^ is the specific sound power 
level in dB from Table 2.1; Q is the flow rate in cfm (L/s); is 1 cfm (0.472 L/s), P is the 
pressure drop in inches H^O (Pa); P^ is 1 in. H^O (249 Pa), C is the correction factor in dB for 
the case where the point of fan operation is other than the point of peak efficiency. Values for 
C are obtained from Table 2.3.
Table 2.3 Correction Factor, C, for Off-Peak Operation (36)
Static Efficiency Correction Factor
% of Peak dB
90 to 100 0
85 to 89 3
75 to 85 6
65 to 74 9
55 to 64 12
50 to 54 15
below 50 16
EXAMPLE 2.1
A forward curved fan supplies 10,000 cfm of air at a static pressure of 1.5 in I^O . It 
has 24 blades and operates at 1,175 rpm. The fan has a peak efficiency of 85%. The fan 
horsepower is 3 Hp. Determine the outlet fan sound power levels.
8Lw =  Kw +  1 0 , 1° g l0(Q) +  2 0 ,lo* i0(p ) +  C
Operating efficiency =  E l =  vo lu me flo W x static pressure x m
DuOO X Up
™ 10000 X 1.5 n,
E 1  =  6356 x 3 1  1 0 0  =  7 9  %
Peak efficiency =  E2 =  85 %
79
% of static efficiency =  ^  X 100 =  93%85
From Table 2.3, correction for off peak operation =  0 dB
Lw =  Kw +  10-log1 0 (10,000) +  20-log1 0 (1.5) +  0.0 =  Kw +  44 
1175
Bf =  ~gQ~ x 24 =  470 Hz which is in the 500 Hz 1/1 octave band 
From Table 2.3, blade frequency increment =  2 dB.
1/1 Octave Band Center Frequency — Hz 
63 125 250 500 1000 2000 4000
K -  Table 1 47 43 39 36 34 32 28w
Equation (2.2) 44 44 44 44 44 44 44
Table 2.2 -  -  -  2 -  -  -
L (dB) 91 87 83 82 78 76 72w '
2.2 CHILLERS
Mechanical equipment is inherently noisy. Mechanical equipment such as chillers create 
noise that is difficult to contain. Noise problems arising from water chilling assemblies are 
dependent upon so many different variables that it is impossible to formulate a standard 
solution. Controlling water chiller noise is very involved and requires multi—discipline efforts to 
control its noise and vibration. The space to locate it, the supporting structure, the heat 
removal equipment and the means of controlling the noise and vibration all have an influence 
on water chiller noise.
Arriving at an optimum chiller selection and location is only the beginning in the
solution to the chiller noise problem. The most formidable obstacle is determining what noise 
levels to design against. The source of this problem is the lack of data associated with water 
chillers. Chiller manufacturers have yet to publish any substantial data. The main reason for 
this has been the lack of an industry sanctioned, standard method of determining and reporting 
noise levels. Variables such as direct versus reverberent field, power versus pressure levels, 
loading, operating characteristics, pure tones and ambient levels would have made the of data 
from different manufacturers very difficult. As a result manufactures have been reluctant to 
publish data on chiller noise.
Whenever possible it is advisable to use manufactures data if possible, but a rough 
approximation can be deterined using equation (2.3) or (2.4) respectively in conjunction with 
Table 2.4.
Centrifugal chillers
Lp (1 m) =  60 +  l l - lo g 1 ()(TR) dB(A) (2.3)
Reciprocating chillers
Lp ( lm )  =  71 +  9*log1 0 (TR) dB(A) (2.4)
The following table can be used to obtain a typical octave band spectrum shape.
Table 2.4 Typical A—weighted spectrum shape for chillers — dB(A) (36)
63 125 250 500 1 0 0 0 2 0 0 0 4000
Centrifugal Chiller —8 - 5 - 6 - 7 - 8 - 5 - 8
Internal Geared, Medium to Full Load
Centrifugal Chiller —8 - 6 - 7 - 3 -A - 7 - 1 2
Direct Drive, Medium to Full Load"
Centrifugal Chiller — 11 - 1 1 - 8 - 8 -A - 6 -1 3
>1000 Ton, Medium to Full Load
Reciprocating Chiller —19 - 1 1 - 7 - 1 -A - 9 -1 4
All Loads
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EXAMPLE 2.2
Determine the 1/1 octave band A—weighted sound pressure levels of a 100 ton 
Reciprocating chiller.
Lp (1 m) =  71 +  9-log1 0 (100) =  89 dB(A)
Lp @ 1 m dB(A) 
Correction dB(A)
63 125 250 500 1 0 0 0 2 0 0 0 4000
89 89 89 89 89 89 89
-1 9 - 1 1 - 7 - 1 - 4 - 9 -1 4
70 78 82 8 8 85 80 75
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CHAPTER 3 
DUCT ELEMENT REGENERATED SOUND POWER
3.1 ROD OR BAR IN DUCT
Conditions for the estimation of flow obstructions apply in general, they are applicable to 
all flow geometries that will be considered by this algorithm. (16) Conditions for the use of 
this algorithm are:
1. The cross sectional dimensions of the flow obstruction are small in comparison to
the cross sectional dimensions of the duct.
2. The walls of the duct have low values of acoustic absorption coefficient.
3. The flow obstruction is located upstream from the exit at a distance greater
than, or equal to:
a. 3 duct diameters for circular ducts.
b. 3 • Vcross sectional area for rectangular ducts.
Since obstructions near the exit do not produce much sound power due to a 
reduction in flow—duct interaction downstream of the obstruction, subtract 10  
dB from the overall sound power level if the obstruction is close to the exit.
It is usually not necessary to consider rod or bar obstructions if the duct is lined with sound 
absorbing material or the flow velocity is less than 2 0 0 0  ft/m in.
The overall sound power in watts generated by a uniform rod or bar in a duct is given
by
w  =  m m o 1 a p V  (watls) 
P c
12
(3-1)
where D is the duct diameter (m), A p is the total pressure drop across the rod or bar (Pa), p  is 
the density (Kg/m ), c is speed of sound in air (m/s), is absolute temperature ( K), and
c =  20.04 t/~ T abs ‘
The pressure drop can be estimated from 
A P  =  i  p 2 .
(3.2)
(3.3)
where v is the upstream flow velocity (m/s). The overall sound power level is obtained from
WLw  =  10 Log
10
10
— 12
Substituting equations (3.1) and (3.3) into the above equation and simplifying yields
Lw  =  10 Log
10
3.125xlQ7 0 v6 P 2
(3.4)
(3.5)
The sound power level associated with a rod or bar in a duct is a function of frequency. 
, wher 
'-§ 1
The frequency, e the sound power is maximum is given by
d (3.6)
where v is the upstream flow velocity (m/s), d is the projected height of rod normal to the flow
(m), and /? is the frequency factor related to the flow velocity. For circular rods,
f3 =  0 . 2 0  , (3.7)
and for non—circular rods,
13 =  0.0019v +  0.045 . (3.8)
The frequency correction values which are added to equation (3.5) to obtain the total sound 
power levels are listed in Table 3.1. The sound power levels as a function of frequency 
associated with a rod or bar in a duct are obtained by adding equation (3.10) to equation (3.5),
or
Lw  =  10 Log1() 3.125xl07 pv6D2 +  C (3.9)
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Table 3.1 Correction to Overall Sound Power Levels for a Rod of Bar in a Duct
Frequency Related Correction to Overall
to Peak Frequency, f  Sound Power Level, dB
s r ' p  - 2 3
K - 16
r /  - 1 14 Jp 
2 p
1 • /  - 4
P
2 • /  - 7
P
4 • /  - 1 2
P
8 - /  - 1 8
P
1 6 - /  - 2 3
P
A regression analysis of the above frequency correction values yields the following equation:
where
C =  -6.823 -  0.15A -  1.127A 
A =  I -  II;
I =  1 for 63 Hz, 2 for 125 Hz, 3 for 250 Hz, etc.; and
II is dependent upon peak frequency and is specified by:
(3.10)
(3.11)
0 H < 44 Hz
44 H < 8 8  Hz
8 8 H < 177 Hz
177 H < 355 Hz
355 H < 710 Hz
710 H < 1420 Hz
1420 H < 2840 Hz
2840 H < 5680 Hz
5680 H < 11360 Hz
=  0  
=  1 
=  2 
=  3 
=  4 
=  5 
=  6 
=  7 
=  8
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EXAMPLE 3.1
A 0.5 inch diameter retainer rod is located in a 18 inch diameter duct. The flow velocity 
of the air upstream of the rod is 4,000 ft/m in. The air temperature is 100 °F. Determine the 
1 / 1  octave band sound power level generated by the air flow over the rod.
The overall sound—power level can be determined from equation (3.5) using the following
values:
T abs =  2 7 3 - 1 6  +  ft100-32) = 310 94 °K
c =  20.04 V31(L94 =  353 m /s
„ 142859.4 142859.4 , „  , 3
P = ------5—  =  5 -  =  1.146 Kg/m
c (353)
v =  4000 ft/m in or v =  20.32 m /s
D =  18 inches or D =  0.46 m
, rT, V-7T-D2  (4000)-7T-(1.5)2 „„„„ f t 3=  2 q2  0~  =  ------ 4 — -----  =  *068 (For use in computer program)
Substituting the values for these expressions into equation (3.5) yields
LW(overall) ~  1 0  Log10
3.125xl07 • 1.146 • 20.326 • 0.462
3533
or
(overall) ~  7 1  dB •
The peak frequency is computed from equation (3.6) where
d =  0.5 inch or d =  0.01225 meter .
Noting that /? =  0.20, f  is obtained from
,  0.20* (20.32) ,  OOOTT
lp =  0 .01225" "  /p =  3 3 2  H» -
The next step is to determine the 1/1 octave band within which the peak frequency 
occurs by noting in which 1/1 octave band the calculated peak frequency occurs. In this case 
the calculated peak frequency occurs within the 250 Hz 1/1 octave band. Thus,
II =  3 .
The frequency corrections are obtained from equation (3.10). The results are 
summarized below:
1/1 Octave Band Center Frequency — Hz
)W No. Calculation 63 125 250 500 1 0 0 0 2 0 0 0 4000 8000
1 Overall sound 
power level, dB
71 71 71 71 71 71 71 71
2 I 1 2 3 4 5 6 7 8
3 I - I I - 2 - 1 0 1 2 3 4 5
4 Frequency 
correction from 
equation 3.10, dB
- 1 0 - 7 - 6 - 7 - 1 1 -1 6 -2 4 -3 5
5 1 / 1  octave 61 64 65 64 60 55 47 36
band sound power 
level, Row 1 — 4, dB
3.2 DAMPERS
The 1/1 octave band sound power level of the noise generated by single or multi—blade 
dampers can be predicted by equation (3.12). (36,44)
W  =  KD + 1 ° - t ° * 1 0 +  50 • Lo8 ,o  [Oc]
+  10-Log1( ) [S] +  10-Log1( ) [DH] (3.12)
where f  is the 1/1 octave band center frequency (Hz), Uc is the flow velocity (ft/sec) in
constricted part of the flow field determined according to equation (3.15), S is the cross 
2
sectional area (ft ) of the duct, DH is the duct height (ft) normal to the damper axis, and 
is the characteristic spectrum. The regenerated sound power levels associated with dampers 
are obtained as follows:
Step 1: Determine the total pressure loss coefficient, C.
C =  15.9 x 1 0 6  — —  r  (3.13)
( Q / s r
where Q is the volume flow rate (ft /m in), A P  is the total pressure loss (inches H^O) across
16
DH
DAMPER
Figure 3.1 Damper
the damper, and S is duct cross sectional area (ft ).
Step 2: Determine the blockage factor, BF.
For multi—blade dampers:
BF =  ^  ~  If C=1 then BF =  0.5.
—  I )
For single blade dampers:
BF =
( V c -  i)
( C -  1) for C <  4
0 . 6 8  -C f0 - 1 5  - 0 .2 2  for C > 4
Step 3: Determine the flow velocity, Uc in the damper constriction. 
U c  =  0 -0 1 6 7 'S ^B F  (ft/sec)
(3.14a)
(3.14b)
(3.15)
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Step 4: Determine the Strouhal number, St
The Strouhal number which corresponds to the 1/1 octave band center frequencies is
given by
/  DH
s ,  =  (3.16)
c
Step 5: Determine the Characteristic Spectrum, K ^.
The characteristic spectrum is the same for all dampers and duct sizes if plotted as a
function of the Strouhal frequency. The characteristic spectrum, K ^, is obtained from
-3 6 .3  -  10.7• login (S ) for S. < 25
K =  1 0  1 1 (3.17)
-1 .1  -  3 5 .9 - log 1 0 (S t ) fo rS t > 2 5
All the required information is now available for calculating the 1/1 octave band sound 
power levels predicted by equation (3.12).
EXAMPLE 3.2
Determine the 1/1 octave band sound power levels associated with a multi—blade
damper positioned in a 12 in. x 12 in. duct. The pressure drop across the damper is 0.5 in.
3^ 0  and the volume flow rate in the duct is 4,000 ft /min.
From the given data:
Q =  4,000 ft^/m in 
A P  =  0.5 inches HgO 
S =  1 ft x 1 ft =  1 ft2  
DH =  1 ft
Step 1: Total pressure loss coefficient, C.
18
C =  15.9 x 106 — — — k  =  0.5 
(4000/1)
Step 2: Blockage factor, BF.
BF= i  i i = °-585
Step 3: Constricted flow velocity, Uc- 
Uc =  0 0 1 6 7  ^ 5 8 5  =  1 1 4
1/1 Octave Band Center Frequency, Hz 
63 125 250 500 1000 2000 4000 8000
S, (eq. 3.16) 0.55 1.1 2.2 4.4 8 . 8  17.6 35.1 70.2
u
Kd  (eq. 3.17) - 3 4 - 3 7 —40 - 4 3 —46 - 5 0 - 5 7 - 6 7
10 Log1() (/o/6 3 ) 0.0 3.0 6.0 9.0 12.0 15.0 18.0 21.0
50 Log1() (Uc) 103 103 103 103 103 103 103 103
10 Log1 0  (S) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 Log1() (DH) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Lw(/0) (eq- 3.12) 69.3 69.1 68.8 68.6 68.4 68.2 64.2 56.4
3.3 ELBOWS FITTED WITH TURNING VANES
The 1/1 octave band sound power levels associated with the noise generated by elbows 
fitted with turning vanes can be predicted if the total pressure drop across the blades is known 
or can be estimated. (36,44) The method that is presented applies to any elbow that has an 
angle between 60° and 120° such as the elbow in Figure 3.2. The 1/1 octave band sound 
power levels generated by elbows with turning vanes is given by
W  =  k t  +  1 0 *l °Sio f ' 50.Log10 |U c] +  10-Log1() [S]
+  10-Log1 0  [CD] +  10-Login [n]
10
(3.18)
where /  is the 1/1 octave band center frequency (Hz), U is the flow velocity (ft/sec) in the o c
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90 DEGREE ELBDW 
WITH TURNING VANES
Figure 3.2 90° Elbow With Turning Vanes
constricted part of the flow field between the blades determined from equation (3.21), S is the 
2cross sectional area (ft ) of the duct, CD is the cord length (in) of a typical vane, n is the 
number of turning vanes, and is the characteristic spectrum. In addition to the above
parameters, it is also necessary to know the duct height DH (ft) normal to the turning vane 
length. The regenerated sound power levels associated with elbows with turning vanes are 
obtained as follows:
Step 1: Determine the total pressure loss coefficient, C.
C =  15.9 x 106 ------------------------------------------------------------------------------ (3.19)
( Q / sr
Step 2: Determine the blockage factor, BF.
BF =  ( c T - " ^  (3 2 °)
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Step 3: Determine the flow velocity, Uc, in the turning vane constriction.
U. = 0 . 0 1 6 7 (ft/sec) (3.21)
Step 4: Determine the Strouhal number, S .I
/  DH
St = - § —  <3'22>
c
Step 5: Determine the characteristic spectrum, K^.
The characteristic spectrum is the same for any elbow fitted with turning vanes if 
plotted as a function of the Strouhal number. The characteristic spectrum is given by
Kt  =  -47 .5  -  7.69 [Log1() (St)] 2 ‘5  . (3.23)
All the required information is now available for calculating the 1/1 octave band sound 
power levels predicted by equation (3.18).
EXAMPLE 3.3
A 90° elbow of a 20 in x 20 in duct is fitted with 5 turning vanes that have a cord
3length of 7.9 in. The volume flow rate is 8,500 ft /m in and the corresponding pressure loss 
across the turning vanes is 0.16 inch H^O. Determine the resulting 1/1 octave band sound 
power levels.
From the given data:
Q =  8,500 ft3/m in 
A P  =  0.16 inch H20  
S =  2.78 ft2  
DH =  1.64 ft 
CD =  7.9 inches 
n =  5
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Step 1: Total pressure loss coefficient, C
C =  15.9 x 106 -------— — ^ =  .27
(8500/2.78)
Step 2: Blockage factor, BF
( V O 7 -  1 )
BF “  ( 0 . 2 7 -  1) “  0 6 6
Step 3: Constricted flow velocity, Uc
u c =  0 0 1 6 7 ' 5 l r o 6  =  7 7 '4
1/1 Octave Band Center Frequency — Hz
63 125 250 500 1000 2000 4000 8000
S, (eq. 3.22) 1.3 2.6 5.3 10.6 21.2 42.4 84.8 167.5ti
Kt  (eq. 3.23) -4 8 -4 8 -5 1 -5 6 -6 3 -7 4 -8 7 -104
10 Log1() ( f j 63) 0 .0 3.0 6 .0 9.0 1 2 .0 15.0 18.0 2 1 .0
50 Log1() (Uc) 94.4 94.4 94.4 94.4 94.4 94.4 94.4 94.4
10 Log1() (S) 4.4 4.4 4.4 4.4 4.4 4.4 4.4 4.4
10 Log1() (CD) 9.0 9.0 9.0 9.0 9.0 9.0 9.0 9.0
1 0  L o g 1 0  ^ 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0
Lw(/Q) (eq. 3.18) 67.3 69.4 69.9 6 8 .1 63.7 56.3 45.8 31.6
3.4 JUNCTIONS AND TURNS
Equation (3.24) has been developed as a means to predict the regenerated sound power 
levels in a branch duct associated with air flowing in duct turns and junctions. (36,44) 
Equation (3.24) applies to 90° elbows without turning vanes (see Figure 3.3), 90° branch 
takeoffs (see Figure 3.4), T—junctions and X—junctions (see Figures 3.4 and 3.5).
W b  =  W  +  A t +  A T  <3-24)
L fa^) is given by
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90 DEGREE ELBDW  
WITHDUT TURNING VANES
Figure 3.3 90 Elbow Without Turning Vanes
y j y  =  K j +  io  Log +  50 Log10 [u b ]
+  10 Log1() p B] +  10 Log1() [d b ] (3.25)
where is the 1/1 octave band center frequency (Hz), Dg is the equivalent diameter (ft) of the
branch duct, Ug is the flow velocity (ft/sec) in the branch duct, Sg is the cross sectional area 
2(ft ) of the branch duct, and K j is the characteristic spectrum. If the branch duct is circular,
D_ is the duct diameter. If the branch duct is rectangular, D0  is obtained from 
Jo u
d b  =
4-S B
7T
The corresponding flow velocity (ft/sec), U „, is given byD
Q
UB = B
B
B 60
(3.26)
(3.27)
where Q g is the volume flow rate (ft /m in) in the branch. D^j (ft) and (ft/sec) for the 
main duct are obtained in manners similar to those implied by equations (3.26) and (3.27).
A r in equation (3.24) is the correction term that quantifies the effect of the size of the
23
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Figure 3.4 X—Junction and 90° Branch takeoff
BRANCH BRANCH
T-JUNCTION
Figure 3.5 T—Junction
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radius of the bend or elbow associated with the turn or junction. A r is given by
At = [I 0 -  r t s ]  • [6J93 - 186 U*10 [St] ] <328>
where RD is the rounding parameter and S is the Strouhal number. RD is specified by
RD =  j j S g -  (3.29,
where R is the radius (in) of the bend or elbow associated with the turn or junction and D~ is
13
defined above. The Strouhal number is given by
4 d b
st=  i j f-  <3-3°)
A T  in equation (3.24) is a correction factor for upstream turbulence. This correction is 
only applied when there are dampers, elbows or branch takeoffs upstream within five main duct
diameters of the turn or junction being examined. A T  is given by
A T  =  -1.667 +  1 .8  -m -  0.133-m 2 (3.31)
where m is the velocity ratio that is specified by 
UM
m =  • (3.32)
B
Um is the flow velocity in the main duct before the turn or junction and Ug is the flow
velocity in the branch duct after the turn or junction.
The characteristic spectrum, K j, in equation (3.25) is given by
0.673 —0.303
3  -  -r ... -  ... • Log1 0  j S jK , = -21 .6  + 12.388‘m 16.482-m
m
-  5.047 • m- 0 ’2 5 4  • p o g 1Q [ S j  J 2  . (3.33)
The regenerated sound power levels in a branch duct that is associated with a turn or
junction are obtained as follows:
Step 1: Obtain or determine the values of D_ and D
d r
Step 2: Determine the values of U„ and U„,.B M
Step 3: Determine the ratios, D ^ /D g  and m.
Step 4: Determine the rounding parameter, RD.
Step 5: Determine the Strouhal number, S..b
Step 6: Determine the value of Ar.
Step 7: If turbulence is present, determine the value of AT.
Step 8 : Determine the characteristic spectrum, K j.
Step 9: Determine the value of the branch sound power levels,
Step 10: Specify the type of turn or junction and determine the main duct sound power levels,
Lw(^))m> using equation (3.34), (3.35), (3.36) or (3.37).
The related 1/1 octave band sound power levels of the noise generated in the main duct 
is given by the following equations:
X—Junction:
Determine the regenerated sound power levels associated with a X—junction that exist in 
the branch and main ducts given the following information:
Main Duct: Rectangular — 12 in. x 36 in., Volume flow rate — 12,000 CFM 
Branch Duct: Rectangular — 10 in. x 10 in., Volume flow rate — 1,200 CFM 
Radius of bend or elbow: — 0.0 in.
(3.34)
T—Junction:
L ( / )  =  L ( / ) ,  +  3w ' o m wwo'b (3.35)
90° Elbow without Turning Vanes:
(3.36)
90° Branch Takeoff:
(3.37)
EXAMPLE 3.4: X—Junction
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No dampers, elbows or branch takeoffs within five main duct diameters of junction.
Step 1: Determine the values of Dg and D ^ :
°M  =
d b  =
4 * 1 2 * 3 6  =  1.95 ft.7T- 144
4*10*10* =  0.94 ft.7T-144
Step 2: Determine the values of U„ and U ,.:B M
12000-144 
UM =  l2 ':36-60 =  6 6 '6 7  ft/seC 
tt  _  1200-144 _  oa an - ,
B ~  10.10 • 60 “  / sec
Step 3: Determine the ratios, D /D _  and m:m' B
1.95 „ n.  66J57 _
D g  “  0.94 “  2 - 0 6  “  28.80 ~
Step 4: Determine the rounding parameter, RD:
1/1 Octave Band Center Frequency — Hz
63 125 250 500 1 0 0 0 2 0 0 0 4000 8000
S (eq. 3.30) 2 .0 4.1 8 .2 16.3 32.6 65.3 130.6 261.2
K j (eq. 3.33) -A - 9 -1 5 - 2 1 -2 9 -3 6 -4 5 —55
10 Log1() (/o/63) 0 .0 3.0 6 .0 9.0 1 2 .0 15.0 18.0 2 1 .0
50 Log1() (Ug) 73.0 73.0 73.0 73.0 73.0 73.0 73.0 73.0
10 Log1() (Sg) - 1 .6 - 1 .6 - 1 .6 - 1 .6 - 1 .6 - 1 .6 - 1 .6 - 1 .6
10 Log1 0  (Db ) -0 .3 -0 .3 -0 .3 -0 .3 -0 .3 -0 .3 -0 .3 -0 .3
A r (eq. 3.28) 6 .2 5.7 5.1 4.5 4.0 3.4 2.9 2.3
A T  (eq. 3.31) 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
W b  e<> - 3 -2 4 73.2 70.6 67.4 63.4 58.6 53.1 46.9 39.9
20 Logio 6 .2 6 .2 6 .2 6 .2 6 .2 6 .2 6 .2 6 .2
3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
W m  3 34 82.4 79.8 76.6 72.6 67.8 62.3 56.1 49.1
27
EXAMPLE 3.5: T—Junction
Determine the regenerated sound power levels associated with a T—junction that exist in 
the branch and main ducts given the following information:
Main Duct: Rectangular — 12 in. x  36 in., Volume flow rate — 12,000 CFM 
Branch Duct: Rectangular — 12 in. x  18 in., Volume flow rate — 6,000 CFM 
Radius of bend or elbow: — 0.0 in.
No dampers, elbows or branch takeoffs within five main duct diameters of junction.
Step 1: Determine the values of D_ and D •B M
°M  =
d b  =
4-12-36
7T-144 =  1.95 ft.
4-12-18
IT" 144 =  1.38 ft.
Step 2: Determine the values of U„ and U,„:B M
12000-144 
UM = '12.36-60 =  6 6 ~6 7  ft/seC 
TI 6000 • 144 ,
UB =  12.18-60 =  6 6 -6 7  ft/8eC
Step 3: Determine the ratios, D /D n  and m:m ' B
DM _  1.95 _  . .. _  66.67 _  , nn
D _  ~  1.38 ”  m “  66.67 ~D
Step 4: Determine the rounding parameter, RD:
RD =  i r n 8  =  °
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1/1 Octave Band Center Frequency — Hz 
63 125 250 500 1000 2000 4000 8000
St (eq. 3.30) 1.3 2.6 5.2 10.4 20.7 41.5 82.9 165.8
Kj (eq. 3.33) - 1 1 -1 7 -2 4 -3 1 -4 0 -4 9 -5 9 -7 1
10 Log1() (/q/63) 0 . 0 3.0 6 . 0 9.0 1 2 .0 15.0 18.0 2 1 . 0
50 Log1() (UB) 91.2 91.2 91.2 91.2 91.2 91.2 91.2 91.2
10 Log1() (Sg) 1 .8 1 .8 1 .8 1 .8 1 .8 1 .8 1 .8 1 .8
10 Log1() (Dg) 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4
Ar (eq. 3.28) 6 .6 6 . 0 5.5 4.9 4.3 3.8 3.2 2.7
AT (eq. 3.31) 0 . 0 0 . 0 0 . 0 0 .0 0 .0 0 . 0 0 .0 0 .0
Lw(/o)b eq. 3.24 89.8 86.5 82.3 77.1 71.1 64.1 56.2 47.4
3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
LM m  e* 335 92.8 89.5 85.3 80.1 74.1 67.1 59.2 50.4
EXAMPLE 3.6: 90° Elbow without Turning Vanes
oDetermine the regenerated sound power levels associated with a 90 elbow without 
turning vanes given the following information:
Main Duct: Rectangular — 12 in. x 36 in., Volume flow rate — 12,000 CFM 
Branch Duct: Rectangular — 12 in. x 36 in., Volume flow rate — 12,000 CFM 
Radius of bend or elbow: — 0.0 in.
No dampers, elbows or branch takeoffs within five main duct diameters of junction.
Step 1: Determine the values of Dg and D ^ :
DM =
° B  =
4*12-36
7T-144 =  1.95 ft.
4*12*36 =  1.95 ft.7T-144
Step 2: Determine the values of Ug and Uj^: 
12000*144
UM ”  12.36*60 =  66.67 ft/sec
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12000-144 
UB =  12.36-60 =  66-6 7 ft/s«c
Step 3: Determine the ratios, D /D n  and m:m ' B
°M  _  1.95 _  . n_ _  66.67 _  . nn
D g  "  1.95 ~  0 m “  66.67 “  00
Step 4: Determine the rounding parameter, RD:
m  =  5 F T 5 5  =  °
1/1 Octave Band Center Frequency — Hz
63 125 250 500 1000 2000 4000 8000
St (eq. 3.30) 1.8 3.7 7.3 14.7 29.3 58.6 117.3 234.8
K j (eq. 3.33) -1 4 -2 0 -2 7 -3 5 -4 4 -5 4 -6 5 -7 7
10 Log1() (/o/6 3) 0.0 3.0 6.0 9.0 12.0 15.0 18.0 21.0
50 Log1() (Ug) 91.2 91.2 91.2 91.2 91.2 91.2 91.2 91.2
10 L°Sl0 <SB> 4.8 4.8 4.8 4.8 4.8 4.8 4.8 4.8
1° Log1() (Dg) 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9
Ar (eq. 3.28) 6.3 5.7 5.2 4.6 4.1 3.5 2.9 2.4
AT (eq. 3.31) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
L ( / ) ,  eq. 3.24 w 'o 'b 91.3 87.5 82.5 77.2 70.7 63.3 54.9 45.6
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
L ( / )  eq. 3.36 w 'V m 91.3 87.5 82.5 77.2 70.7 63.3 54.9 45.6
EXAMPLE 3.7: 90° Branch Takeoff
Determine the regenerated sound power levels associated with a 90° branch takeoff that 
exist in the branch and main ducts given the following information:
Main Duct: Rectangular — 12 in. x 36 in., Volume flow rate — 12,000 CFM 
Branch Duct: Rectangular — 10 in. x 10 in., Volume flow rate — 1,200 CFM 
Radius of bend or elbow: — 0.0 in.
No dampers, elbows or branch takeoffs within five main duct diameters of junction.
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Step 1: Determine the values of D_ and D„B M
DM =
° B  =
4 ‘ 12' 36 =  1.95 ft.7T-144
4*10*101U 10 =  0.94 ft.7T-144
Step 2: Determine the values of U„ and ILB M
12000-144 
M =  12.36-60-  =  ft/sec
UB =
1200-144
10.10-60 ~  28-80 ft/ sec
Step 3: Determine the ratios, D /D „  and m:m ' B
°M  _  1.95 _  m _  66.67 _
D ^ - 0 ^ 4  =  2 - 0 6  — 2 0 0
Step 4: Determine the rounding parameter, RD:
RD =  I j i 94 =  0
1/1 Octave Band Center Frequency - H z
63 125 250 500 1000 2000 4000 8000
St (eq. 3.30) 2.0 4.1 8.2 16.3 32.6 65.3 130.6 261.2
K j (eq. 3.33) - 4 - 9 -1 5 -2 1 -2 9 -3 6 -4 5 -5 5
10 Log1() { f j 63) 0.0 3.0 6.0 9.0 12.0 15.0 18.0 21.0
50 Log1() (UB) 73.0 73.0 73.0 73.0 73.0 73.0 73.0 73.0
10 Log10 ^B ^ -1 .6 -1 .6 -1 .6 -1 .6 -1 .6 -1 .6 -1 .6 -1 .6
10 Log1() (Dg) -0 .3 -0 .3 -0 .3 -0 .3 -0 .3 -0 .3 -0 .3 -0 .3
A r (eq. 3.28) 6.2 5.7 5.1 4.5 4.0 3.4 2.9 2.3
A T  (eq. 3.31) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Lw(/A  eq-3-24 73.2 70.6 67.4 63.4 58.6 53.1 46.9 39.9
20 Logio (d m / d b ) 6.2 6.2 6.2 6.2 6.2 6.2 6.2 6.2
3-37 79.4 76.8 73.6 69.6 64.8 59.3 53.1 46.1
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CHAPTER 4 
DUCT ELEMENT SOUND ATTENUATION
4.1 PLENUM CHAMBERS
Plenum chambers are often used to "smooth out" turbulent air flow associated with air 
as it leaves the outlet section of a fan and before it enters the ducted air distribution system of 
a building. The plenum chamber is usually placed between the discharge section of a fan and 
the main duct of the air distribution system. These chambers are usually lined with 
acoustically absorbent material to reduce fan and other types of noise. Plenum chambers are 
usually large rectangular enclosures with an inlet and one or more outlet sections. Work 
originally presented by Wells (48) and then later by Beranek (3) and Reynolds (27) indicates 
that the transmission loss associated with a plenum chamber can be expressed as
TL — —10 LogjQ ®out
Q* cos# . 1 — 0;
. 2 ' -47Pr S - a .
(4.1)
2Referring to Figure 4.1, is the area of the output section of the plenum (ft ), S is the total
2inside surface area of the plenum minus the inlet and outlet areas (ft ), r is the distance
between the centers of the inlet and outlet sections of the plenum (ft), 0 is the angle of the
vector r, and a  is the average absorption coefficient of the plenum lining. Ot is given by 
S a  +  S a 0
<* =    g • (4-2)
2where and (ft ) are the sound absorption coefficient and corresponding surface area of
2
any bare or unlined inside surfaces of the plenum chamber and and Sg (ft ) are the sound 
absorption coefficient and corresponding surface area of the acoustically lined inside surfaces of
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the plenum chamber. In many situations, 100% of the inside surfaces of a plenum chamber are 
lined with a  sound absorbing material. For these situations, a  —
Q in equation (4.1) is the directivity factor which equals 2 if the inlet section is near the 
center of the side of the plenum on which it is locate. This corresponds to the situation where 
sound from the inlet section of the plenum chamber is radiating into half space. Q equals 4 if 
the inlet section is located in the corner where two sides of the plenum come together. This 
corresponds to the situation where sound from the inlet section is radiating into quarter space.
9 in equation (4.1) is the angle of the vector representing r relative to the horizontal 
plane, cos9 and r can be written
r =  \  rh^ +  rv^ (4.3)
cos 9 =   ^ (4.4)
where rh and rv are the horizontal and vertical distances, respectively, between the inlet and 
outlet sections of the plenum (Figure 4.1).
INLET
rv
out
rh —
OUTLET
Figure 4.1 Schematic of a Plenum Chamber
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Equation (4.1) treats a plenum as if it is a large enclosure. Thus, equation (4.1) is valid
only for the case where the wavelength of sound is small compared to the characteristic
dimensions of the plenum. (3,27,48) For frequencies which correspond to plane wave
propagation in the duct, the results predicted by equation (4.1) are usually not valid. Plane
wave propagation in a duct exists a t frequencies below 
c
/  = -  co 2a (4.5)
where cq is the speed of sound in air (ft/sec) and a is the larger cross—section dimension (ft) of
a  rectangular duct, or below
c
/  =  0.586 - f  co d (4.6)
where d is the diameter (ft) of a circular duct. The cutoff frequency, f  , is the frequency 
above which plane waves no longer propagate in a duct. At these higher frequencies the waves 
that propagate in the duct are referred to as cross or spinning modes. (3,27) At frequencies 
below j , the plenum chamber can be treated as an acoustically lined expansion chamber. 
The equation for the transmission loss of an acoustically lined expansion chamber is (3)
TL =  10 Log10 [[cosh|"?] + | fm +  i -1 sinh
0\ 2 2 cos 27T- /•!'m 2 . cL 0 J
+ sinh 1^1 +  ^fm  +  —1 cosh £ l 2 . 2 sin "2 7T • /• 1
I L2 J 2 L 2 • cL 0 J -
(4.7)
where <T is sound attenuation per unit length in the chamber (dB /ft), 1 is the horizontal length
of the plenum chamber (ft), cq is the speed of sound in air (ft/sec), / i s  frequency (Hz), and m
is the ratio of the cross-sectional area of the plenum divided by the cross-sectional area of the
inlet section of the plenum, m is given by 
S
m = PiS,in
(refer to Figure 4.1). (4.8)
For frequencies less than /cq, the transmission loss of a plenum is given by equation (4.7). For 
frequencies greater than or equal to f  , the transmission loss of a plenum is given by equation 
(4.1). /cq associated with equations (4.5) and (4.6) is calculated on the bases of the inlet
section of the plenum.
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Table 4.1 gives the absorption coefficients of typical plenum materials. (3,25,27)
Table 4.1: Absorption Coefficients for Selected Building Materials
1/1 Octave Band Center Frequency, Hz 
63 125 250 500 1000 2000 4000
Non—Sound Absorbing Materials
Concrete 0.01 0.01 0.01 0.02 0.02 0.02 0.03
Bare Sheet Metal 0.04 0.04 0.04 0.05 0.05 0.05 0.07
Sound Absorbing Materials
1 in. 3.0 lb /ft3 0.02 0.03 0.22 0.69 0.91 0.96 0.99
Fiberglass Insulation Board
2 in. 3.0 lb /ft3 0.18 0.22 0.82 1.21 1.10 1.02 1.05
Fiberglass Insulation Board
3 in. 3.0 lb /ft3 0.48 0.53 1.19 1.21 1.08 1.01 1.04
Fiberglass Insulation Board
4 in. 3.0 lb /ft3 0.76 0.84 1.24 1.24 1.08 1.0 0.97
Fiberglass Insulation Board
Equations for <7l for the 1/1 octave frequency bands from 63 Hz to 500 Hz are: (23,41)
63 Hz: <71 =  0.0133 • (P /A )1-959 • t 0-917 • 1 (4.9)
125 Hz: (71 =  0.0574-(P /A )1-410- ta 9 4 1 -l (4.10)
250 Hz: crl =  0.271 • (P /A )0'824 • t 1 079 -1 (4.11)
500 Hz: (Tl =  1.0147 • (P /A )0'300 • t 1'087 • 1 (4.12)
where P /A  is the perimeter (P) of the cross-section of the plenum chamber (ft) divided by the 
area (A or S ^ )  of the cross-section of the plenum chamber (ft ), t is the thickness of the 
fiberglass insulation (in) used to line the inside surfaces of the plenum, and 1 is the length (ft) 
of the plenum chamber. Equation (4.1) will nearly always apply at frequencies of 1,000 Hz and 
above.
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EXAMPLE 4.1
A plenum chamber is 6 ft high, 4 ft wide, and 10 feet long. The configuration of the
plenum is similar to that shown in Figure 4.1. The inlet is 36 inches wide by 24 inches high.
The outlet is 36 inches wide by 24 inches high. The horizontal distance between centers of the
plenum inlet and outlet is 10 ft. The vertical distance is 4 ft. The plenum is lined with 1 in. 
3thick 3.0 lb /ft density fiberglass insulation board. 100% of the inside surfaces of the plenum 
are lined with the fiberglass insulation. Determine the transmission loss associated with this 
plenum. For this example, assume Q =  4.
The areas of the inlet section, outlet section, and plenum cross section are:
S. =  24^36 =  6 ft2 
in 144
S , = ^ = 6 ft2  out 144
S . =  4-6  =  24 ft2 
Pi
The values of r and cos# are:
r =  H ' ' 210 +  4 =  10.77 ft
cos# =  =  0.93
The total inside surface area of the plenum is:
S =  2• (4• 6) +  2• (4• 10) +  2-(6-10) -  12 =  236 ft2
The values of P /A , m, and /  are:' co
P /A  =  =  0.83
24  ^m =  -6 =  4
/  =  =  187.5 Hzco 2-3
Thus, equation (4.8) is used for the 63 Hz and 125 Hz 1/1 octave bands and equation (4.1) is 
used for the 250 Hz through 4,000 Hz 1/1 octave bands. The results are tabulated below.
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1/1 Octave Band Center Frequency — Hz 
63 125 250 500 1000 2000 4000
al 0.093 0.444
m 4 4
2 7 T /1 /co  3.519 6.981
Qcos0/47rr2  (X 10- 3 ) 2.55 2.55 2.55 2.55 2.55
( l - a ) / S t t  (x 10- 3 ) 15.0 1.90 .419 .177 .0428
TL, dB 2.1 5.7 9.8 15.7 17.5 17.9 18.1
4.2 UNLINED RECTANGULAR DUCTS
Straight unlined rectangular ducts provide a small amount of sound attenuation. At low 
frequencies, the attenuation is significant and it tends to decrease as frequency increases. Work 
reported by Hal Sabine indicated that even though there was significant sound attenuation in 
rectangular ducts at low frequencies, it tended to be "irregular with respect to duct size." (39) 
Table 4.2 shows the results presented by Sabine. (39)
Table 4.2 Sound Attenuation in Unlined Rectangular Ducts — Sabine 
1/1 Octave
Band Center Attenuation — dB/ft
Frequency Range Average
63 0.35-0.70 0.55
125 0.19-0.71 0.44
250 0.09-0.24 0.15
The sound attenuations for the 15 foot long test ducts were usually less than 1 dB for 1/1 
octave band center frequencies above 250 Hz. The results shown in Table 4.2 were obtained for 
four rectangular duct sizes: (1) 6  in. x 6  in., (2) 6  in. x 12 in., (3) 12 in. x 12 in., and (4) 12 
in. x 24 in. Table 4.3 shows the results reported by Chaddock. (10,36) The results for
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Chaddock are presented as a function of duct size and as a function of P/A , where P is the 
length of the duct perimeter and A is the cross-sectional area of the duct. P /A  can either 
have units of 1/in or 1 /f t. Table 4.4 shows unlined rectangular duct sound attenuation results 
presented by Ver. (36,45)
Table 4.3 Sound Attenuation in Unlined Rectangular Ducts (10)
Attenuation — dB/ft 
1/1 Octave Band Center Freq. — Hz
Duct Size P /A Above
in. x in. 1 /ft. 63 125 250 250
6 x 6 8 .0 0 .2 0 .2 0.15 0 .1
24 x 24 2 .0 0 .2 0 .2 0 .1 0.05
72 x 72 0.7 0 .1 0 .1 0.05 0 .0 1
Table 4.4 Sound Attenuation in Unlined Rectangular Ducts (45)
Attenuation — dB /ft
P /A  1/1 Octave Band Center Freq. — Hz
1/ft. 63 125 250 and over
Over 3.7 0.0 0.3 0.1
3.7 to 1.6 0.3 0.1 0.1
Under 1.6 0.1 0.1 0.1
Table 4.5 Sound Attenuation in Unlined Rectangular Ducts (14)
Minimum Duct 
Dimension — in. 125
3 -7  0.2
8-15  0.2
16-30 0.2
31-60 0.1
Attenuation — dB /ft
1/1 Octave Band Center Freq. — Hz
250 500 1 0 0 0 2 0 0 0 4000
0.15 0 .1 0 .1 0 .1 0 .1
0.15 0 .1 0.07 0.07 0.07
0 .1 0.05 0.05 0.05 0.05
0.05 0.03 0 .0 2 0 . 0 2 0 .0 2
Table 4.5 shows unlined rectangular duct sound attenuation results that are presented in the 
Woods "Design for Sound" manual. (14) The result presented by Ver in Table 4.5 for a P/A
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value over 3.7 (1/ft.) and a 1/1 octave band center frequency of 63 Hz does not agree with the
corresponding results presented by Sabine and Chaddock in Tables 4.2 and 4.3, respectively. It
appears that this result reported by Ver is in error.
Table 4.6 shows a compilation of data from Sabin (Table 4.2) for a P /A  value of 8  ( 6  in
x 6  in), Ver (Ref. 45) for P /A  values of 4 (12 in x 12 in) and 3 (12 in x 24 in), and from
Chaddock (Table 4.3) for P /A  values of 2 (24 in x 24 in), 1 (48 in x 48 in), and 0.7 (72 in x 72
in). The unit on P /A  is 1/ft. The minimum values from Table 4.2 (P /A  equals 8 ) were used.
Conducting a multi—variable regression analysis of the data in Table 4.6 for the 1/1 octave
band center frequencies between 63 Hz and 250 Hz yields
ATTN =  17.0 • (P /A ) - 0 '2 5  • FREQ- 0 - 8 5  • L for P /A  > 3 (4.13)
ATTN =  1.64 • (P /A ) 0 , 7 3  • FREQ- 0 ’5 8  • L for P /A  <  3 (4.14)
where ATTN is the total attenuation (dB) in the unlined rectangular duct, P  is the length of
2the duct perimeter (ft), A is the duct cross-sectional area (ft ), FREQ is the 1/1 octave band 
center frequency (Hz), and L is the duct length (ft). An analysis of the sound attenuations at 
frequencies above 250 Hz indicates that
Table 4.6 Sound Attenuation in Unlined Rectangular Ducts — Composite (10,45,14)
Attenuation — dB/ft 
1/1 Oct Band Center Freq. — Hz
P /A
1 /f t. 63 125 250
8 . 0 0.35 0.19 0.09
4.0 0.31 0.24 0 . 1 0
3.0 0.35 0.29 0.13
2 .0 0 .2 0 0 .2 0 0 .1 0
1 .0 0 .2 0 0 .2 0 0 . 1 0
0.7 0 .1 0 0 .1 0 0.05
ATTN =  0.02-(P /A )° '8 -L . (4.15)
Table 4.7 shows the tabulated results that correspond to equations (4.13) through (4.15). If the 
rectangular duct is externally lined with fiberglass, multiply the results associated with equation 
(4.13) or (4.14) by a factor of 2. (10,14,36,37,39,45)
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Table 4.7 Sound Attenuation in Unlined Rectangular Ducts — Regression
Attenuation — dB/ft 
1/1 Octave Band Center Freq. — Hz
Duct Size P /A Above
in. x in. 1 /ft. 63 125 250 250
6 x 6 8 .0 0.3 0 .2 0 .1 0 .1
1 2  x 1 2 4.0 0.35 0 .2 0 .1 0.06
1 2 x 2 4 3.0 0.4 0 .2 0 .1 0.05
2 4 x 2 4 2 .0 0.25 0 .2 0 .1 0.03
4 8 x 4 8 1 .0 0.15 0 .1 0.07 0 .0 2
72 x 72 0.7 0 .1 0 .1 0.05 0 .0 2
If duct is externally lined, multiply results associated with 
63 Hz, 125 Hz and 250 Hz by 2.
EXAMPLE 4.2
A straight section of unlined rectangular duct has the following dimensions: Height =  18 
inches, width =  12 inches, and length =  20 ft. Determine the total sound attenuation in dB?
P /A  is
p / A _  2  • (12+18) • 1 2  _  3  3 3 3  l j ii 
(12-18)
The tabulated results are shown below.
1/1 Octave Band Center Frequency — Hz
63 125 250 500 1 0 0 0 2 0 0 0 4000 8000
Eq. (4.13) dB /ft 0.37 0 .2 1 0 . 1 2
Eq. (4.14) dB /ft 0.05 0.05 0.05 0.05 0.05
Duct length ft x2 0 x2 0 x2 0 x2 0 x2 0 x2 0 x2 0 x2 0
Total Atten. dB 7.4 4.2 2.4 1.0 1.0 1.0 1.0 1.0
4.3 ACOUSTICALLY LINED RECTANGULAR DUCTS
Fiberglass internal duct lining can be used to attenuate sound in ducts and to thermally
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insulate ducts. The thickness of duct linings associated with thermal insulation usually vary 
from 0.5 in. to 2.0 in. For fiberglass duct lining to be effective for attenuating sound, it must 
have a  minimum thickness of 1 .0  in.
Ver initially conducted an extensive literature review of the sound attenuation associated 
with internally lined rectangular ducts. (45) As a result of this review, he proposed two 
equations (one for low frequencies and one for high frequencies) for the calculation of the sound 
attenuation in acoustically lined rectangular ducts. These equations indicated that the sound 
attenuation was a function of the perimeter divided by the cross-sectional area of the free area 
inside the duct, the thickness of the duct lining, the smaller rectangular duct dimension, 
frequency, and the duct length. The equations proposed by Ver significantly underestimate the 
sound attenuation of acoustically lined rectangular ducts at 1 / 1  octave band center frequencies 
above 1,000 Hz and they slightly overestimate the attenuation at frequencies below 1,000 Hz. 
Kuntz, under ASHRAE sponsorship, measured the insertion loss in acoustically lined 
rectangular ducts that had P /A  (perimeter divided by free cross-sectional area) values of 
1.1667 (1/ft), 2 (1/ft), and 3 (1/ft). (22,23,36) With this information he developed two
equations (one for low frequencies and one for high frequencies) for calculating the insertion loss 
in acoustically lined rectangular ducts. The variables in Kuntz's equations were the same as 
those used in Ver's equations, with the exception that Kuntz added fiberglass density as a 
variable. Both Ver's and Kuntz's equations indicated that the sound attenuation associated 
with acoustically lined ducts is a function of lining thickness at low frequencies, but not at high 
frequencies. The demarcation is usually around 1,000 Hz. Kuntz's equations yielded much 
more accurate results. However, because the highest P /A  value investigated by Kuntz was 3 
(1/ft), his equations when extrapolated to higher P /A  values significantly underestimate the 
insertion loss of acoustically lined ducts at low frequencies and slightly underestimate the sound 
attenuation at higher frequencies.
As part of the analysis for this section, insertion loss data for acoustically lined 
rectangular ducts obtained by Machen and Haines were used. (24) This data correlates very
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well with the data obtained by Kuntz and adds insertion loss data for P /A  values of 4 (1/ft), 5
(1/ft) and 6  (1/ft). The combined data from Kuntz and from Machen and Haines are plotted
in Figures 4.2 through 4.9. Kuntz's data are labeled "HKB" and Machen's and Haines' data
are labeled "Manville" in the figures. The combined data sets are for P /A  values that range
from 1.1667 (1/ft) to 6  (1/ft). The thickness of the duct lining was either 1 in. or 2 in.; the
3 3density of the duct lining ranged from 1.5 lb /ft to 3.0 lb /ft ; and duct linings from four 
different manufacturers were investigated. Multivariable regression analyses were performed for 
each 1/1 octave band center frequency from 63 Hz to 8,000 Hz. Figures 4.10 through 4.17 
show plots of the insertion loss values of the duct linings as a function of P /A  values for the 
eight 1/1 octave band center frequencies from 63 Hz to 8,000 Hz. The results of these analyses 
indicated that for 1 / 1  octave band data the insertion loss in acoustically lined ducts is a 
function of the perimeter divided by the cross-sectional area of the free area inside the duct
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Figure 4.9 Sound Attenuation in Acoustically Lined Rectangular Ducts
P /A  =  6
(P/A), the thickness of the duct lining, and duct length. The insertion loss is a function of 
lining thickness at 1/1 octave band center frequencies of 500 Hz and lower. The insertion loss 
is not a function of lining thickness at 1/1 octave band center frequencies of 1,000 Hz and 
above. The regression analyses indicated that for the samples tested the insertion loss of 
acoustically lined rectangular ducts is not a function of the density of the lining material. The 
regression equation for insertion loss in acoustically lined rectangular ducts is
IL =  B -(P /A )C - tD -L (dB) (4.16)
where IL is the insertion loss (dB); P /A  is the perimeter divided by the cross-sectional area of 
the free area inside the duct (1/ft); B, C and D are regression constants that are a function of 
the 1/1 octave band center frequency; t is lining thickness (in); and L is duct length (ft). The 
values for B, C and D are given in Table 4.8. The insertion loss values predicted by equation 
(4.16) are plotted in Figures 4.10 through 4.17 for the 1/1 octave band center frequencies from 
63 Hz to 8,000 Hz.
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The insertion loss described by equation (4.16) is the difference in the sound pressure 
level measured in a reverberation chamber with sound propagating through an unlined section 
of rectangular duct minus the corresponding sound pressure level that is measured when the 
Table 4.8 Coefficients for use in Equation 4.16
1/1 Octave 
Band Center
:q. — Hz B C D
63 0.0133 1.959 0.917
125 0.0574 1.410 0.941
250 0.271 0.824 1.079
500 1.0147 0.500 1.087
1 ,0 0 0 1.770 0.695 0 . 0
2 ,0 0 0 1.392 0.802 0 . 0
4,000 1.518 0.451 0 . 0
8 ,0 0 0 1.581 0.219 0 . 0
unlined section of rectangular duct is replaced with a similar section of acoustically lined 
rectangular duct. As was mention in the section on unlined rectangular ducts, the sound 
attenuation associated with unlined rectangular duct can be significant at low frequencies. This 
attenuation is in effect subtracted out during the process of calculating the insertion loss from 
measured data. The sound attenuation in unlined rectangular ducts for the 1/1 octave band 
center frequencies from 63 Hz to 250 Hz is given by
ATTN =  17.0-(P /A )-0 -2 5 -FREQ- 0 ’85-L for P /A  > 3 (4.17)
ATTN =  1.64• (P /A )0 -7 3 •FREQ- 0 '58*!, for P /A  < 3 (4.18)
where P /A  is as previously described and FREQ is the 1/1 octave band center frequency (Hz) 
between 63 Hz and 250 Hz. For 1/1 octave band center frequencies above 250 Hz,
ATTN =  0.02* (P /A )0-8-L . (4.19)
To obtain the total sound attenuation, ATTN(T), in acoustically lined rectangular ducts, the 
attenuation associated with a corresponding cross section of unlined duct must be added back 
in. Thus,
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ATTN(T) =  ATTN +  IL . (4.20)
Because of structure—borne sound that is transmitted in and through the duct wall, the total 
sound attenuation in lined rectangular ducts usually does not exceed 40 dB. Thus, the 
maximum allowable sound attenuation in equation (4.20) is 40 dB.
EXAMPLE 4.3
A straight section of acoustically lined rectangular duct has the following free inside
dimensions: Height =  24 inches, width =  36 inches, length =  10. The duct is lined with 1 
3inch thick 1.5 lb /ft fiberglass duct liner. Determine the total sound attenuation in the 10 foot 
section of acoustically lined rectangular duct.
p /A = 2 ‘ ^24^36^'1 " =  1 - 6 6 7  1/ ft- 
The results are tabulated below.
1/1 Octave Band Center Frequency — Hz
63 125 250 500 1 0 0 0 2 0 0 0 4000 8000
Eq. (4.16) dB 0.4 1 .2 4.1 13.1 25.2 2 1 .0 19.1 17.7
Eq. (4.17) dB 2 .2 1.4 0.9
Eq. (4.19) dB 0.3 0.3 0.3 0.3 0.3
Total At. dB 2 .6 2 .6 5.0 13.4 25.5 21.3 19.4 18.0
4.4 UNLINED CIRCULAR DUCTS
As with unlined rectangular ducts, unlined circular ducts provide some sound attenuation 
which should be taken into account when designing a duct system. In contrast with 
rectangular ducts, circular ducts are much more rigid and, therefore, do not resonate or absorb 
as much sound energy. Because of this, circular ducts will only provide about l/10th  the
sound attenuation at low frequencies as compared to the sound attenuation associated with 
rectangular ducts. Information in the chapter on "Sound and Vibration" in the ASHRAE 1987 
HVAC Systems and Applications Handbook indicates:
"The natural (sound) attenuation for round ducts with or without external thermal 
insulation is about 0.03 dB /ft (0.1 dB/m) below 1,000 Hz, rising irregularly to 0.1 dB /ft 
(0.3 dB/m) at high frequencies." (36)
Information in the Woods "Design for Sound" manual is more specific than the information 
given in the ASHRAE handbook. (14) This information is listed in Table 4.9. The sound 
attenuation information in the Woods manual is for the 1/1 octave band center frequencies 
from 125 Hz to 4,000 Hz. The information listed in Table 4.9 is extended to 63 Hz on the low 
end and to 8,000 Hz on the high end of the frequency range.
Table 4.9 Sound Attenuation in Straight Circular Ducts
Attenuation — dB /ft
1 / 1  <Octave Band Center Frequency — Hz
Width — in. 63 125 250 500 1 0 0 0 2 0 0 0 4000 8000
D < 7 0.03 0.03 0.05 0.05 0 .1 0 0 . 1 0 0 .1 0 0 .1 0
7 <  D < 15 0.03 0.03 0.03 0.05 0.07 0.07 0.07 0.07
15 <  D < 30 0 .0 2 0 .0 2 0 .0 2 0.03 0.05 0.05 0.05 0.05
30 < D < 60 0 .0 1 0 .0 1 0 .0 1 0 .0 2 0 .0 2 0 .0 2 0 .0 2 0 .0 2
EXAMPLE 4.4
A straight unlined circular duct has the following dimensions: Diameter =  12 in.; length
=  20 ft. Determine the total attenuation in dB:
The results are tabulated below.
63
1 / 1
125
Octave
250
Band Center Frequency 
500 1000 2000
- H z
4000 8000
Table 4.9 dB /ft 
Length ft
0.03
x2 0
0.03
x2 0
0.03
x2 0
0.05
x 2 0
0.07
x 2 0
0.07
x2 0
0.07
x2 0
0.07
x2 0
Total Atten. dB 0 .6 0 .6 0 .6 1 .0 1.4 1.4 1.4 1.4
4.5 ACOUSTICALLY LINED CIRCULAR DUCTS
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There is very little data available in the literature with regard to the insertion loss of
acoustically lined circular ducts. The data that is available is usually manufacturer's product
data. The data that was used to develop an equation for determining the insertion loss of
acoustically lined circular ducts was recently obtained by Bodley. (8 ) This data is plotted in
Figures 4.18 through 4.25. The data was obtained for spiral dual wall circular ducts. The
3
acoustical lining was a 0.75 lb /ft density fiberglass blanket which ranged in thickness from one 
to three inches. The fiberglass was covered with an internal liner of perforated galvanized steel 
that had an open area of 25%. A multivariable regression analysis was run on the data to 
determine the relationship between insertion loss and the duct diameter and lining thickness for 
each of the 1/1 octave frequency bands between 63 Hz and 8,000 Hz. This analysis yielded 
equation (4.21).
IL =  [ a  +  B -t +  C - t2  +  D -d +  E -d 2  +  F -d 3] -L (dB) (4.21)
where t is the lining thickness in inches (m), d is the inside duct diameter in inches (m), and L 
is the duct length in feet (m). The coefficients for equation (4.21) for each of the 1/1 octave 
frequency bands are given in Table 4.10. At frequencies between 63 Hz and 500 Hz, the 
insertion loss is a function of both duct diameter and lining thickness. At frequencies of 
1,000 Hz and above, the insertion loss is a function of only duct diameter. The sound
Table 4.10 Coefficients for Insertion Loss Calculations
FREQ
Hz
A B C D E F
63 .2825 .3447 —5.25 IE—2 -0.03837 9.1315E—4 —8.294E—6
125 .5237 .2234 —4.936E—3 -0.02724 3.377E—4 —2.49E—4
250 .3652 .7900 -0.1157 —1.834E—2 —1.211E—4 2.681E—4
500 .1333 1.845 -0.3735 —1.293E—2 8.624E—5 —4.986E—6
IK 1.933 0 .0 0 .0 6.135E—2 —3.891E—3 3.934E—5
2K 2.730 0 .0 0 .0 —7.34 IE—2 4.428E—4 1.006E—6
4k 2.800 0 .0 0 .0 -0.1467 3.404E—3 —2.851E—5
8 k 1.545 0 .0 0 .0 —5.452E—2 1.290E—3 —1.318E—5
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Figure 4.20 Insertion Loss of Circular Ducts — 250 Hz
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Figure 4.21 Insertion Loss of Circular Ducts — 500 Hz
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Figure 4.22 Insertion Loss of Circular Ducts — 1,000 Hz
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Figure 4.23 Insertion Loss of Circular Ducts — 2,000 Hz
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attenuation of unlined circular ducts is generally negligible. Thus, it is not necessary to include 
it when calculating the total sound attenuation of lined circular ducts. Because of 
structure—borne sound that is transmitted through the duct wall, the total sound attenuation 
of lined circular ducts usually does not exceed 40 dB.
EXAMPLE 4.5
Determine the sound attenuation in dB through a circular duct that has an inside
diameter of 24 inches and a one inch thick fiberglass lining. Assume the duct lining has a 
3density of 0.75 lb /ft . The fiberglass lining is covered with an internal perforated galvanized 
steel liner that has an open area of 25%. The duct is 10 feet long.
The insertion loss is calculated using equation (4.21) and the corresponding coefficients in 
Table 4.10. For example, for the 63 Hz 1/1 octave band equation (4.21) will have the following 
form:
IL =  [o.2825 +  0.3447- 1 -5 .2 5 1 x l0 _ 2 - t2
-  0.03837 • d +  9.1331x10"^ • d2  -  8.294X10- 6  • d3] • L 
where t  is 1 inch, d is 24 inches, and L is 10 feet. Substituting in the values for t and d and 
reducing yields:
IL =  0.065 dB /ft 
The results are tabulated below.
1/1 Octave Band Center Frequency — Hz
63 125 250 500 1 0 0 0 2 0 0 0 4000 8000
IL (dB/ft) 0.065 0.25 0.57 1.28 1.71 1.24 0.85 0.80
Length (ft) xlO xlO xlO xlO xlO xlO xlO xlO
IL (dB) 0.65 2.5 5.7 1 2 .8 17.1 12.4 8.5 8 .0
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4.6 ELBOWS
The sound attenuation data for unlined and lined square elbows without turning vanes 
in the "Sound and Vibration Control," chapters of the 1984 and earlier ASHRAE Systems 
Handbooks are referenced to curves that are contained in the book, Noise Reduction, by 
Beranek. (4,38) These curves are shown in Figure 4.26. The original curves were plotted as a 
function of h/A where h is the duct dimension in the plane of the bend and A is the wave 
length that corresponds to 1/1 octave band center frequencies. For convenience, the curves in 
Figure 4.26 are plotted as a function of f  x h where h (in) is defined as before and f (kHz) is 
the 1/1 octave band center frequency. There have been some proposed modifications associated 
with the insertion loss values of lined and unlined bends based on these curves. However, there 
has been no justification for these modifications.
15
10
Lined Square Elbows
5
Unlined Square Elbows
0
1 0 010
f  x h — kH z x in .
Figure 4.26 Insertion Loss Values for Unlined and Lined Square Elbows
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Table 4.11 displays insertion loss values for unlined square elbows without turning vanes. 
(4) Table 4.12 shows a tabulation of the insertion loss values for lined square elbows 
without turning vanes. (4) For lined square elbows, the duct lining must extend at least two 
duct widths (h) beyond the elbow and the thickness of the total lining thickness should be at 
least 10% of the duct width (h). (4,38) The insertion loss tables for lined square elbows 
contained in the "Sound and Vibration Control" chapters of the 1984 and earlier ASHRAE 
Systems Handbooks displayed insertion loss values of elbows with lining before the elbow, with 
lining after the elbow, and with lining before and after the elbow. (37,38,40) In earlier versions 
of the Systems Handbook, these values were referenced to Figure 4.26. There appears to be no 
experimental justification in the literature for all of these configurations. There certainly is no 
justification in the reference used to generate the insertion loss values in Table 4.12. Typically, 
a lined elbow will be located in a duct that is lined before and after the elbow. Thus, it is 
assumed that the values in Table 4.12 apply to this situation.
Table 4.11 Insertion Loss of Unlined Square Elbows without Turning Vanes
Insertion Loss — dB 
Duct W idth 1/1 Octave Band Center Frequency — Hz
inches 63 125 250 500 1 0 0 0 2 0 0 0 4000
5 0 0 0 1 5 8 4
1 0 0 0 1 5 8 4 3
2 0 0 1 5 8 4 3 3
40 1 5 8 4 3 3 3
Table 4.12 Insertion Loss of Lined Square Elbows without Turning Vanes
Insertion Loss — dB
Duct W idth 1/1 Octave Band Center Frequency — Hz
inches 63 125 250 500 1 0 0 0 2 0 0 0 4000
5 0 0 0 1 6 11 1 0
1 0 0 0 1 6 11 1 0 1 0
2 0 0 1 6 1 1 1 0 1 0 1 0
40 1 6 11 1 0 1 0 10 1 0
The only early references associated with the insertion loss of round elbows and square 
elbows with turning vanes are contained in the chapters on "Sound Control" in early versions
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Figure 4.27 Square Elbow
Figure 4.28 Radiused Square Elbow
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of the ASHRAE Guide and Data Book. (40) Table 4.13 gives the insertion loss values 
associated with round elbows and square elbows with turning vanes. It appears that the 
insertion loss values in Table 4.13 were obtained from Figure 4.26 by smoothing out the 
"hump" in the curve associated with unlined square bends. Later chapters on "Sound and 
Vibration Control" in the ASHRAE handbooks indicated that the insertion loss of unlined and 
lined square elbows with turning vanes should be obtained by averaging the corresponding 
insertion loss values in Tables 4.11 and 4.13. Tables 4.14 and 4.15 display these insertion loss 
values. The insertion loss values given in Tables 4.14 and 4.15 are only estimates. There is no
Table 4.13 Insertion Loss of Unlined Round Elbows
Duct Diameter Insertion Loss — dB
or Duct W idth 1/1 Octave Band Center Frequency — Hz
inches 63 125 250 500 1000 2000 4000
5 0 0 0 1 2 3 3
10 0 0 1 2 3 3 3
20 0 1 2 3 3 3 3
40 1 2 3 3 3 3 3
Table 4.14 Insertion Loss of Unlined Square Elbows with Turning Vanes
Insertion Loss — dB 
Duct W idth 1/1 Octave Band Center Frequency — Hz
inches 63 125 250 500 1000 2000 4000
5 0 0 0 1 4 6  4
10 0 0 1 4 6  4 3
20 0 1 4 6  4 3 3
40 1 4 6  4 3 3 3
Table 4.15 Insertion Loss of Lined Square Elbows with Turning Vanes
Insertion Loss — dB 
Duct W idth 1/1 Octave Band Center Frequency — Hz
inches 63 125 250 500 1000 2000 4000
5 0 0 0 1 4 7 7
10 0 0 1 4 7 7 7
20 0 1 4 7 7 7 7
40 1 4 7 7 7 7 7
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experimental data to support these values.
In order to use the above insertion loss values in an algorithm it was necessary to note
that the insertion loss values are a function of / x  w. Thus, the following relationship was used:
BW =  / x  w (4.26)
where /  is the 1/1 octave band center frequency (Hz) and w is the duct width or diameter (in.). 
This relationship gives the same diagonal symmetry that exists in Tables 4.11 through 4.15. 
This is illustrated in Table 4.16.
Table 4.16 Values of BW (kHz-in)
Duct Width 1/1 Octave Band Center Frequency — Hz
inches 63 125 250 500 1 0 0 0 2 0 0 0 4000
5 — — 1.25 2.5 5 1 0 2 0
1 0 — 1.25 2.5 5 1 0 2 0 40
2 0 1.25 2.5 5 10 2 0 40 80
40 2.5 5 1 0  2 0 40 80 160
Tables 4.17 through 4.19 show a recompilation of Tables 4.11 through 4.15.
Table 4.17 Insertion Loss of Unlined and Lined Square Elbows without Turning Vanes
Insertion Loss — dB
BW Unlined Elbows Lined El
BW < 1.9 0 0
1.9 < BW < 3.8 1 1
3.8 < BW <  7.5 5 6
7.5 < BW < 15 8 11
15 < BW < 30 4 1 0
BW > 30 3 1 0
Table 4.18 Insertion Loss of Round Elbows
BW Insertion Loss — dB
BW <  1.9 0
1.9 < BW <  3.8 1
3.8 < BW < 7.5 2
BW > 7.5 3
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Table 4.19 Insertion Loss of Unlined and Lined Square Elbows with Turning Vanes
Insertion Loss — dB
BW Unlined Elbows Lined Elbows
BW < 1 .9  0 0
1.9 < BW <  3.8 1 1
3.8 < BW <  7.5 4 4
7.5 < BW < 15 6  7
BW > 1 5  4 7
EXAMPLE 4.6
Determine the insertion loss (dB) of a 24 inch acoustically lined square elbow without 
turning vanes.
The results are tabulated below.
1/1 Octave Band Center Frequency — Hz 
63 125 250 500 1000 2000 4000 8000
BW 1.5 3 6  12 24 48 96 192
IL Table 4.17 0 1 6  11 10 10 10 10
EXAMPLE 4.7
Determine the insertion loss (dB) of a round elbow constructed of a 12 inch diameter 
unlined circular duct.
The results are tabulated below.
1/1 Octave Band Center Frequency — Hz 
63 125 250 500 1000 2000 4000 8000
BW 0.76 1.5 3 6  12 24 48 96
IL Table 4.18 0 0 1 2 3 3 3 3
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4.7 ACOUSTICALLY LINED CIRCULAR RADIUSED ELBOWS
There is very little data available in the literature with regard to the insertion loss of
acoustically lined radiused circular elbows. The data that is available is usually manufacturer's
product data. The data that was used to develop an equation for determining the insertion loss
of acoustically lined circular ducts was recently obtained by Bodley. (8 ) This data is plotted in
Figures 4.29 and 4.30. The data was obtained for spiral dual wall circular ducts. The
3
acoustical lining was a 0.75 lb /ft density fiberglass blanket which ranged in thickness from one 
to three inches. The fiberglass was covered with an internal liner of perforated galvanized steel 
that had an open area of 25%. A multi—variable regression analysis was run on the data to 
determine the relationship between insertion loss and the duct diameter and lining thickness for 
each of the 1/1 octave frequency bands between 63 Hz and 8,000 Hz. For ducts where 
6  < d < 18 inches,
2 2 
IL • [J ]  =  0.485 +  2.094 • log 1Q(/- d) +  3.172 • [log 1Q(/- d)]
— 1.578- [log1 0 (/*d ) ] 4  +  0.085- [log1()( /-d ) ] 7  (dB) (4.27)
and for ducts where 18 < d < 60 inches,
IL * [ f ]  =  “ L 4 9 3  +  0.538- t  +  1.406-log10(/-d ) +  2.779- [log Q(/*d)]
-  0.662- [log1 0 (/-d )] +  0.016- [log1 0 (/-d )] (dB) (4.28)
where /  is the 1/1 octave band center frequency in Hz, d is the duct diameter (in), r is the
radius of the elbow to the center line of the duct (in), and t is the thickness of the acoustical
duct liner (in). Equations (4.27) and (4.28) are seventh order polynomials. Thus, the
equations should not be extrapolated beyond the specified limits for each equation. If the value 
2for IL -(d /r) is negative in either equation (4.27) or (4.28), set the value equal to zero. The 
relation that existed between r and d for the elbows that were tested is
r =  1.5-d +  3 - t  . (4.29)
The values predicted by equation (4.27) are plotted in Figure 4.29 and the values predicted by
66
CD“OI
CM
X)
X
(0
V )
o—J
c
o
t:<D(/)c
15
1 in. Lining Thickness
0 6  in. in s id e  d u c t  d i a m e t e r  
•  1 2  in. in s id e  d u c t  d i a m e t e r  
a  18  in. i n s id e  d u c t  d i a m e t e r10
5
0
GO
X)I
CM
XJv . /
X
tf)
(ft
o
—I
c
o
5
2 in. Lining Thickness
0 6  in. in s id e  d u c t  d i a m e t e r  
•  12  in. i n s id e  d u c t  d i a m e t e r  
a  1 8  in. in s id e  d u c t  d i a m e t e r0
5
0
CD*a
I
CM
(0</>o
_ l
co
ua>(/)c
5
3 in. Lining Thickness
0  6  in. in s id e  d u c t  d i a m e t e r  
•  12  in. i n s id e  d u c t  d i a m e t e r  
^  18  in. in s id e  d u c t  d i a m e t e r0
5
0  0 - r r - r - ^
0 .3 0 0  1.000 10.000 100.000
f  x d -  kHz x in.
Figure 4.29 Insertion Loss in Acoustically Lined Radiused Circular Elbows
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Figure 4.30 Insertion Loss in Acoustically Lined Radiused Circular Elbows 
where 18 <  d < 60 inches
equation (4.28) are plotted in Figure 4.30.
EXAMPLE 4.8
Determine the insertion loss (dB) of a 24 inch acoustically lined circular elbow with a 
lining thickness of 2  inches.
r =  1.5 *(24) +  3-(2) =  42 inches
'd' 2 24'
_r_ 42 =  0.327
For this diameter equation 4.28 applies. Thus, 
2
IL- =  -1.493 +  0.538-(2) +  1.406 • Log1()( / - 24) +  2.779- t o g ^ / -  24)] 
■ 0.662 • [Log10(/- 24)] +  0.016 • [Log1Q(/- 24)] (dB)
The results are tabulated below.
1/1 Octave Band Center Frequency — Hz
63 125 250 500 1 0 0 0 2 0 0 0 4000 8000
*■[*)’ 0 .0 0.85 2 .1 3.5 4.6 5.1 5.0 4.5
x (r /d ) 2 3.06 3.06 3.06 3.06 3.06 3.06 3.06 3.06
IL 0.0 2.6 6.4 10.7 14.1 15.6 15.3 13.8
4.8 DUCT SILENCERS
Duct silencers (or sound traps) sire often used as a means to attenuate unwanted noise in 
heating, ventilating and air conditioning systems. When duct silencers are used, the following 
parameters should be considered:
Insertion Loss — The difference between two sound power levels when measured at the 
same point before and after the silencer is installed.
Air Flow Regenerated Noise — The sound power level generated by air flowing through a
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silencer
Static Pressure Drop
Forward or Reverse Flow — Silencers have different acoustic and aerodynamic
characteristics for forward and reverse flow directions.
Rectangular duct silencers are usually available in 3 ft, 5 ft, 7 ft, and 10 ft lengths. They are 
available in several different pressure drop and cross-sectional dimension configurations. 
Circular duct silencers are available in several different pressure drop configurations and 
typically have lengths that are a function of the open—face diameter of the silencer. The 
insertion loss, regenerated noise, and pressure loss associated with rectangular and circular duct 
silencers are functions of silencer design. These values are generally experimentally measured 
and presented as part of manufacturer's data associated with particular silencer configurations. 
Each manufacturer's data is usually different.
It is not practical to present data for a complete range of rectangular and circular duct 
silencers. This data is highly dependent on manufacturer's design and will be different for each 
manufacturer. Typical data for rectangular and circular, standard and low pressure drop 
silencers are presented. The data includes insertion loss and regenerated sound power values 
for sound traveling with (+) and against (—) the air flow. Equations are presented which can 
be used to calculate the pressure loss across typical silencers and to calculate the silencer face 
area correction associated with regenerated sound power. Table 4.20 gives typical insertion loss 
and regenerated sound power levels for rectangular, standard pressure drop duct silencers. 
Table 4.21 gives the same information for rectangular, low pressure drop silencers. The face 
area correction, FAC, for rectangular silencers is given by
FAC =  10 • log1 0 (FA) -  6  (4.30)
2
where FA is the face area in ft of the silencer. The static pressure drop, A P , across a 
rectangular duct silencer is obtained from
C2 C4
A P  =  C ^ L  • Cg-v * (4.31)
where L is the silencer length in feet and v is the silencer face velocity in fpm. The silencer
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face velocity, v, is given by
v =  Q /FA  (4.32)
where Q is the volume flow rate in cfm and FA is as defined before. The values of the
coefficients C^, C^, C^, and are given in Table 4.24. Table 4.22 gives typical insertion loss
and regenerated sound power levels for circular, standard pressure drop duct silencers. Table
4.23 gives the same information for circular, low pressure drop silencers. The face area
correction, FAC, for circular duct silencers is given by
FAC =  10 • log1 0 (FA) -  4.76 (4.33)
The static pressure drop, A P , across a circular duct silencer is obtained from
C ,
AP =  C„ Q
C j- d
(4.34)
where Q is volume flow rate in cfm through the silencer and d is the silencer face diameter in 
inches. The values of the coefficients C j, C^, C^, and C^ are given in Table 4.24.
Table 4.20 7 ft, Rectangular, Standard Pressure Drop Duct Silencers
Insertion Loss — dB 
1/1 Octave Band Center Frequency — Hz
Vel. — fpm 63 125 250 500 1 0 0 0 2 0 0 0 4000 8000
+ 1 0 0 0 1 2 2 0 40 49 52 54 57 44
+ 2 0 0 0 11 18 35 46 51 57 59 47
- 1 0 0 0 1 2 23 46 51 52 52 55 34
- 2 0 0 0 1 2 24 47 52 52 52 52 32
Regenerated Sound Power Levels -  dB
+500 39 32 23 2 2 31 33 23 19
+750 47 39 30 29 37 39 31 26
+ 1 0 0 0 54 46 36 35 42 44 38 33
+1500 65 57 47 45 50 52 50 46
+ 2 0 0 0 74 6 6 56 55 56 59 61 58
-500 40 34 31 27 46 50 36 28
-750 47 40 37 33 49 54 44 36
- 1 0 0 0 53 45 42 39 51 56 51 44
-1500 62 53 50 48 54 60 62 57
- 2 0 0 0 70 59 56 56 57 63 71 69
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Table 4.21 7 ft, Rectangular, Low pressure Drop Duct Silencers
Insertion Loss — dB
1/1 Octave Band Center Frequency — Hz
Vel. — fpm 63 125 250 500 1 0 0 0 2 0 0 0 4000 8000
+ 1 0 0 0 11 16 31 38 47 51 31 2 2
+ 2 0 0 0 11 16 31 37 47 51 32 23
+3000 10 15 30 35 45 52 33 23
+4000 1 0 15 30 33 43 52 34 23
- 1 0 0 0 1 2 18 32 40 50 49 29 2 0
- 2 0 0 0 12 18 33 41 51 49 28 19
-3000 13 19 33 42 52 48 27 18
^ 0 0 0 13 19 34 43 53 48 26 18
Regenerated Sound Power Levels -  dB
+ 1 0 0 0 44 33 30 25 34 34 27 2 2
+1500 54 43 39 34 41 42 37 33
+ 2 0 0 0 60 49 45 42 47 50 49 46
+3000 73 61 56 53 54 58 60 58
+4000 81 6 8 65 61 60 63 67 67
- 1 0 0 0 46 36 33 39 48 48 35 23
-1500 52 42 41 45 52 51 45 33
- 2 0 0 0 56 47 48 49 55 63 60 50
-5000 67 59 56 57 59 65 70 67
• ^ 0 0 0 74 65 61 63 63 67 75 77
Table 4.22 Circular, Standard Pressure Drop Duct Silencers
Insertion Loss — dB
1 / 1 Octave Band Center Frequency - H z
Vel. — fpm 63 125 250 500 1 0 0 0 2 0 0 C 4000 8000
+ 1 0 0 0 4 6 18 31 38 36 25 16
+ 2 0 0 0 4 6 16 29 35 33 24 14
+4000 3 5 15 28 33 33 27 15
- 1 0 0 0 6 6 19 35 39 31 2 2 11
- 2 0 0 0 7 6 19 37 39 31 2 2 10
-4000 9 7 2 0 37 42 30 2 0 9
Regenerated Sound Power Levels -  dB
+ 1 0 0 0 36 35 26 25 25 29 27 25
+ 2 0 0 0 53 52 43 42 42 46 44 42
+4000 70 69 60 59 59 63 61 59
- 1 0 0 0 30 24 28 23 2 0 21 33 25
- 2 0 0 0 42 39 40 37 37 38 52 44
^ 0 0 0 54 54 52 51 54 55 71 6 6
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Table 4.23 Circular, Low Pressure Drop Duct Silencers
Insertion Loss — dB
1/1 Octave Band Center Frequency - H z
Face Vel. — fpm 63 125 250 500 1 0 0 0  :2 0 0 0 4000 8000
+ 2 0 0 0 3 5 14 27 32 24 19 17
+4000 2 5 14 26 32 25 19 17
+6000 2 4 13 24 31 26 2 0 18
- 2 0 0 0 4 6  15 28 33 2 2 15 12
-4000 5 6  17 29 33 2 0 14 11
-6000 7 9 20 32 35 19 1 2 10
Regenerated Sound Power Levels -  dB
+ 2 0 0 0 46 42 41 37 38 40 38 31
+4000 59 55 55 51 53 56 56 56
+6000 67 63 63 59 61 6 6 67 70
- 2 0 0 0 41 41 42 38 38 43 36 35
-4000 57 56 56 54 55 60 57 60
-6000 6 6 65 65 63 64 69 70 75
Table 4.24 Coefficients for Determining Static Pressure Drop across Duct Silencers
Rectangular
Standard 
P ressure Drop 0.6464 0.3971 2.637xl0—7 2 .0 1 2
Low 
Pressure Drop 0.6015 0.4627 9.802xl0~3 2 .0 1 1
Circular
Standard 
P ressure Drop 5.108X10- 3 1.999 4.007X10- 8 2 . 0 0 2
Low 
Pressure Drop 5.097xl0—3 2 .0 0 0 1.104xl0~8 2 .0 2 2
When determining the effectiveness of a duct silencer, it is necessary to take into account 
both the insertion loss and the regenerated sound power levels of the silencer. If L ^ j is the
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sound power level (dB) that exists before the sound enters the silencer, the sound power level, 
Lw 2  (dB), at the exit of the silencer associated with the silencer insertion loss, IL (dB) is given 
by
l w2  =  Lw l - 1 1 ' <4'35>
The regenerated sound power levels,Lwg, associated with air flowing through a silencer are
equal to the sound power levels, L , given in Tables 4.20 through 4.23 plus the face area
correction, FAC, specified by equation (4.30) or (4.33), or
l w3 =  Lw , +  F A 0  • <4 36>
The regenerated sound power level, L ^  (dB), must be added to L ^ ^  to obtain the total
sound power level, L ^ (dB), a t the exit of the duct silencer. Because sound power levels are
being added, L ^  and L ^  must be added logarithmically, or
Lw4 =  1 0 ‘ Log10
[ (Lw2 /10) (Lw3 /10)
[10  ■ + 1 0 (4.37)
EXAMPLE 4.9
A fan has the following sound power levels:
1/1 Octave Band Center Frequency — Hz
63 125 250 500 1000 2000 4000 8000
Fan L , -  dB 91 87 83 82 78 76 72 70wl
The volume flow rate for the fan is 10,000 cfm and the fan has a total static pressure of 1.5 in 
HgO. If a low pressure drop rectangular duct silencer is used that has face dimensions of 30 in. 
x 24 in. and a length of 7 feet, determine the sound power level on the exit side of the duct 
silencer.
Silencer face cross sectional area =  =  5  ft^144
, 1 0 , 0 0 0  „ „ „„  f tFace velocity =  —4 —  =  2,000 ——5 min
Static pressure drop from equation 4.31:
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° 2  C4A? =  C ^ L  , • Cg* v 4
where: C j =  0.6015, C2  =  0.4627, Cg =  9.802-10- 8 , C4  =  2.011
A P  =  0.6016-(7)°‘4627-9.802-10_ 8 -(2,000)2,011 =  0.63 in H2 0
Face area adjustment factor (eq. 4.30):
FAC =  10-Log1 0 (5) -  6  =  1.0 dB
The results are tabulated below.
1/1 Octave Band Center Frequency — Hz
63 125 250 500 1 0 0 0 2 0 0 0 4000 8000
Fan L , — dB wl 91 87 83 82 78 76 72 70
Silencer IL — dB - 1 1 -1 6 -3 1 -3 7 -4 7 -5 1 -3 2 -2 3
LwJJ (eq. 4.35) 80 71 52 45 31 25 40 47
Flow L — dB 60 49 45 42 47 50 49 46wr
FAC -  dB 1 1 1 1 1 1 1 1
Lw 3  (eq. 4.36) 61 50 46 43 48 51 50 47
Lw 4  (eq- 4.37) 80 71 53 47 48 51 50 50
4.9 DUCT BRANCH SOUND POWER DIVISION
When sound traveling in a duct encounters a junction, the sound power contained in the 
incident sound waves in the main feeder duct is distributed between the branches associated 
with the junction. This division of sound power is referred to as the branch sound power 
division. The corresponding attenuation of sound power that is transmitted down each branch 
of the junction is comprised of two components. (44,46) The first is associated with the 
reflection of the incident sound wave if the sum of the cross-sectional areas of the individual 
branches, S Sg., differs from the cross-sectional area, S^j, of the main feeder duct. The 
second component is associated with the ratio of the cross-sectional area, Sg., of an individual
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branch divided by the sum of the cross-sectional areas of the individual branches, E Sn .. TheDl
attenuation of sound power, A Lg., at a junction that is related to the sound power transmitted 
down an individual branch of the junction is given by
A l b . =  10 L°«10 
1
F  s Bi _  J
SM
2
1 -
S S Bi
~ s - J i +  1 
. M
+  10 Log10
SB i
S S Bi
(4.38)
where S— is the cross-sectional area of branch i, E S„. is the total cross-sectional area of the Bi ’ Bi
individual branches that continue from the main feeder duct, and S ..  is the cross-sectionalM
area of the main duct. The first term in equation (4.38) is related to the reflection of the 
incident wave when the area of the branches differs from the area of the main feeder duct. It 
is present only when the sound waves propagating in the main feeder duct are plane waves and 
when E Sg. is not equal to Sj^. Plane wave propagation in a duct exists at frequencies below
/  = -  co 2 a (4.39)
where cq is the speed of sound in air (ft/sec) and a is the larger cross-section dimension (ft) of
a rectangular duct, or below
c
/  =  0.586 —  co ,d
(4.40)
where d is the diameter (ft) of a circular duct. (27) The cutoff frequency, f  , is the frequency 
above which plane waves no longer propagate in a duct. At these higher frequencies the waves 
that propagate in the duct are referred to as cross or spinning modes. The second term in 
equation (4.38) is associated with the division of the remaining incident sound power at the 
junction between the individual branches.
If the total cross-sectional area of the branches after the junction is equal to the 
cross-sectional area of the main feeder duct or if the frequencies of interest are above the cutoff 
frequency, equation (4.38) reduces to
A Lb  =  10 Log1() 
1
SB i
S S Bi
(4.41)
BRANCH
2  
I—I
CX
Figure 4.31 90° Branch Takeoff
EXAMPLE 4.10
A 18 inch diameter main feeder duct terminates into a junction that has a 
diameter branch (continuation of the main feeder duct) and a 6  inch diameter 90° 
takeoff. Determine the attenuation (dB) of the sound power transmitted into the 90° 
takeoff.
2
^  ^  =  254.5 in2  Main feeder ductM 4
2
S ^ , =  —  =  113.1 in Continuation branchBI 4
2
S g j =  ^ ^  — 28.3 in2  90° Branch takeoff
E Sm  =  113.1 +  28.3 =  141.4 in2
_l Q-586 • 1125 • 12 _  4 3 9  5  Hz 
co 18
From equation 4.38 we can solve for the branch power division in branch 1.
1 2  inch 
branch 
branch
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B2 28.3
S S„. Bi
141.4 =  0.2
1 -
— 1
M
S S Bi
+  1
M
=  1 -
141.4
254.5 -  1
141.4 +  1
254.5
=  0.918
The results are tabulated below.
1/1 Octave Band Center Frequency — Hz
63 125 250
10 Log10(0.918), dB 0.4 0.4 0.4
10 Log1 0 (0.2), dB 7.0 7.0 7.0
A L B2- dB 7.4 7.4 7.4
( e q .  4 .3 8 )
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
8000
7.0
7.0
4.10 DUCT END REFLECTION LOSS
When low frequency plane sound waves interact with a small diffuser that discharges 
into a large room, a significant amount of the sound energy incident on this interface is 
reflected back into the duct. This interaction results in substantial low frequency sound 
attenuation. Very little experimental data, relative to the low frequency sound attenuation 
associated with duct end reflection losses, is available in the open literature. One of the more 
significant works is that published by Sandbakken, Pande and Crocker. (32) This work 
resulted in the technical bases for the duct end reflection correction that is part of AMCA 
Standard 300—85, "Reverberation Room Method for Sound Testing of Fans." (1) The report 
describing the above work presents sound attenuation information that is associated with ducts 
terminated in free space (duct terminated more that three duct diameters away from a 
reflecting surface) and ducts terminated flush with a wall. The sound attenuation, AL,
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associated with duct end reflection losses presented by the above authors and in AMCA 
Standard 300—85 can be approximated by
AL =  10 Log.no
for ducts terminated in free space and by 
AL =  10 Log
c 1 .8 8 '
1 + 0;W 'f• D
’ 1 0
* r o . s - c ' 1 .8 8
1 + o7T-/•  D
(4.42)
(4.43)
for ducts terminated flush with a wall. /  is frequency (Hz), cq is the speed of sound in air 
(ft/sec), and D is the diameter (ft) of a circular duct or the effective diameter of a rectangular 
duct. If the duct is rectangular, D is given by
D = 4 • Arean (4.44)
where Area is the area (ft ) of the rectangular duct. D can have the unit of inches if cq lias 
the units of in/sec.
There are some limitations associated with equations (4.42) and (4.43). The tests 
reported by Sandbakken, Pande and Crocker were for straight sections of circular ducts. These 
ducts directly terminated into a reverberation chamber with no restriction on the end of the 
duct or with a circular orifice constriction placed over the end of the duct. Diffusers can be 
either round or rectangular. They usually always have a restriction associated with them which 
may either be a damper, guide vanes to direct air flow, a perforated metal facing, or a 
combination of these elements. Currently, there is no data which indicates the effects of these 
elements. It is not known whether or not these elements react similar to the orifices used in 
the above—described project. As a result, the effects of an orifice placed over the end of a duct 
are not included in equations (4.42) and (4.43). One can assume that using equation (4.44) to 
calculate D will yield reasonable result with diffusers that have low aspect ratios 
(length/width). However, many types of diffusers (particularly slot diffusers) have high aspect 
ratios. It is currently not known whether or not equations (4.42) or (4.43) can be accurately 
used with these diffusers. Finally, many diffusers do not have long straight sections (greater 
than three duct diameters) before they terminate into a room. Many duct sections between a
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main feed branch and a diffuser may be curved or may be short, stubby sections. The effects 
of these configurations on the duct end reflection loss are currently not know. It is felt that 
equations (4.42) and (4.43) can be used with reasonable accuracy for many diffuser 
configurations. However, some caution should be exercised when a diffuser configuration differs 
quite drastically from the test conditions used to derive equations (4.42) and (4.43).
EXAMPLE 4.11
Determine the duct end reflection loss associated with a circular diffuser that has a 
diameter of 12 inches. Assume the diffuser terminates in free space.
Use equation (4.42) for the calculations associated with this example. The results are 
tabulated below.
1/1 Octave Band Center Frequency — Hz 
63 125 250 500 1000 2000 4000 8000
c /(7T* /• D) 5.72 2.86 1.43 0.72 0.36 0.18 0.09 0.04
AL, dB 14.4 9.1 4.7 1.9 0 . 6  0.2 0.0 0.0
4.11 TERMINAL VOLUME REGULATION UNITS
Currently there is no data in the open literature relative to the sound attenuation 
associated with terminal volume regulation units. Most of the available data will be
proprietary manufacturers' product data. The insertion loss values listed below are from the
"Sound and Vibration Control" chapter of the ASHRAE 1984 Systems Volume. (38)
Table 4.25 Typical Insertion Loss Values of Terminal Volume Regulation Units
1/1 Octave Band Center Frequency — Hz 
63 125 250 500 1000 2000 4000
E T J 2 " 0 5 10 is  15 15 15
8000
15
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CHAPTER 5 
DUCT BREAKOUT AND BREAKIN
5.1 SOUND BREAKOUT AND BREAKIN
Noise that is generated within a duct, usually by a fan, and then transmitted through 
the duct wall into the surrounding area is called "breakout." This phenomenon is often 
referred to as low-frequency duct rumble. There are two possible sources for duct breakout. 
One is associated with noise that is generated within the duct, usually by a fan. This noise, 
designated W., is transmitted down the duct and then through the duct walls into surrounding 
spaces. The transmitted sound is designated Wf . The second source is associated with 
turbulent air flow that aerodynamically excites the duct walls, causing them to vibrate. This 
vibration generates low frequency duct rumble which is then radiated into the surrounding 
spaces. In many situations, particularly near fan discharge sections, duct breakout may be 
associated with both of these sources. The information on duct breakout that is presented in 
this chapter is based on work reported by Cummings. (11,12,13,36,38) This work dealt only 
with sound that was generated within the duct (by loud speakers) and then transmitted 
through the duct walls. Cummings' work did not cover aerodynamically excited duct rumble.
Noise that is is transmitted into a duct from the surrounding area and then transmitted 
within the duct is called "breakin." For this case, W. refers to sound in the area surrounding a 
duct that is incident on the duct walls; W refers to the sound that is transmitted within the
u
duct.
The breakout transmission loss, TL  ^ (dB), of a duct is given by
TLou< =  1 0 ' Lo®i0
W. A  1  o
A. W 
1 r
dB
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(5.1)
where W. is the sound power (watts) in the duct, W f is the sound power (watts) radiated from
. 2the duct, A. is the cross sectional area (in ) of the inside of the duct, and A is the sound l '  ' o
2
radiation surface area (in ) of the outside of the duct. (11,12,19,36) Rearranging equation 
(5.1) yields
L = L  +  10*Login w w. ° 1 0r i
- T L  , dB out (5.2)
where (dB) and (dB) are given by
Lw = 1° - L°glO r
Lw. =  1 0 - l o * 1 0I
w
1 0
w.
-12
10 -12
dB
dB .
The breakin transmission loss, T L ^  (dB), associated with ducts is given by
TL| n =10*Log10
W .
dB
(5.3)
(5.4)
(5.5)
where W. is the incident sound power (watts) on the duct from the surrounding space and W
1 t>
is the sound power (watts) that travels along the duct both upstream and downstream from the
point where the sound enters the duct. The sound power level of the sound transmitted into
the duct is obtained by rearranging equation (5.5), or
L =  L -  T L . -  3 dB (5.6)w, w. in ' 't  l
where L is given by equation (5.4) and L is given by 
i t
l  = 1 0 - L o j 10
u
w,
10
-12 dB . (5.7)
5.2 RECTANGULAR DUCTS
If the duct is a rectangular duct, A. and Aq in equations (5.1) and (5.2) are given by
A. =  a*b 
1
A =  24 • L • (a +  b)
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(5.8)
(5.9)
where a is the larger duct cross-sectional dimension (in), b is the smaller cross-sectional 
dimension (in), and L is the length (ft) of the duct. For rectangular ducts, the breakout 
transmission loss curve can be divided into two regions: ( 1) a region where plane mode
transmission within the duct is dominant and (2 ) a region where multi—mode transmission is
dominant. The frequency that divides these two regions is given by 
241344 =V a*b
If / <  /^, the plane mode predominates and T L ^  is given by
TL =  lO 'L og .- out 1 0
/•  q '
a +  b +  17 dB
(5.10)
(5.11)
where /  is frequency in (Hz), q is the mass/unit area (lb /ft ) of the duct walls, and a and b are 
as described above. The minimum value of T L ^  occurs when W. =  and is specified by
TL0« / min) =  1 0 ' L°S i0 2 4 - L - ( i+ £ )  a b dB .
If / >  multi—mode transmission predominates and T L ^  is calculated from
TLot|<= 2 ° * L°gln [ q . / ] - 3 1 dB
1 0 l
(5.12)
(5.13)
where q and /  are as specified above. Table 5.1 shows some values of T L ^  calculated using
the above equations.
Table 5.1 T L ^  vs. Frequency for Various Rectangular Ducts
Duct Size 1 / 1 Octave Band Center Frequency — Hz
fin.) Gage 63 125 250 500 lk 2 k 4k 8 k
1 2  x 1 2 24 ga 2 1 24 27 30 33 36 41 45
1 2 x 2 4 24 ga 19 2 2 25 28 31 35 41 45
12 x 48 2 2  ga 19 2 2 25 28 31 37 43 45
24 x 24 2 2  ga 2 0 23 26 29 32 37 43 45
2 4 x 4 8 2 0  ga 2 0 23 26 29 31 39 45 45
48 x 48 18 ga 2 1 24 27 30 35 41 45 45
48 x 96 18 ga 19 2 2 25 29 35 41 45 45
Data is for duct lengths of 20 ft, but values may be used for the cross section shown 
regardless of length.
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The breakin transmission loss may be divided into two regions which are separated by a
cutoff frequency f y  The cutoff frequency is the frequency for the lowest acoustic cross—mode
in the duct. The cu t-o ff frequency is given by 
6764
If f < f v
1
T L . =  larger of in
T L ou i ~ 4  "  1 0 ' L°SlO  t  +  20Log 10
1 0 ‘Log10
TL. =  TL - 3  d B . in out
(5.14)
(5.15a)
(5.15b)
(5.16)
Table 5.2 shows some values of T L ^  calculated using the above equations.
Table 5.2 T L ^  vs. Frequency for Various Rectangular Ducts
Duct Size 1/1 Octave Band Center Frequency — Hz
, (in.) Gage 63 125 250 500 lk 2 k 4k 8 k
1 2  x  1 2 24 ga 16 16 16 25 30 33 38 42
12 x 24 24 ga 15 15 17 25 28 32 38 42
12 x 48 2 2  ga 14 14 2 2 25 28 34 40 42
24 x  24 2 2  ga 13 13 2 1 26 29 34 40 42
2 4 x 4 8 2 0  ga 1 2 15 23 26 28 36 42 42
4 8 x 4 8 18 ga 1 0 19 24 27 32 38 42 42
4 8 x 9 6 18 ga 1 1 19 2 2 26 32 38 42 42
D ata is for duct lengths of 20 ft, but values may be used for the cross section shown 
regardless of length.
EXAMPLE 5.1
Determine the breakout and breakin sound power for a duct with the following
dimensions: smaller duct dimension — 12 inches; larger duct dimension — 24 inches; duct
length — 20 feet. The duct is constructed of 24 gauge sheet metal.
2
q =  m ass/unit area of 24 ga sheet metal =  1.0 lb/ft
Breakout:
A. =  a -b  =  24-12 =  288 in2  
1
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. 2A =  24-20-(24 +  12) =  17,280 in
L =  2 4 1 3 4  =  1,422 Hz 
^24^12
TL o^(m in) =  10*Log^ 24 • 20 ■ 24 +  12 =  17.8 dB
10-Log1() (Aq/A .) =  10-Log1() (17,280/288) =  17.8 
The results are tabulated below.
1/1 Octave Band Center Frequency - H z
63 125 250 500 1 0 0 0  2 0 0 0 4000 8000
Eq. 5.8 19.4 22.4 25.4 28.4 31.4
Eq. 5.10 35.0 41.0 45.0
T IW 19.4 22.4 25.4 28.4 31.4 35.0 41.0 45.0
1 0 ’ L o g 1 0  (Ao/A i} 17.8 17.8 17.8 17.8 17.8 17.8 17.8 17.8
L - L - 1 .6 -4 .6 -7 .6 - 1 0 .6 -13 .6  -17 .2 -23 .2 -27.2
r i
Breakin:
/ j  =  6764/24 =  282 Hz
The results are tabulated below.
1/1 Octave Band Center Frequency -  Hz
63 125 250 500 1 0 0 0  2 0 0 0 4000 8000
TL , out 19.2 22.4 25.4 28.4 31.4 35.0 41.0 45.0
Eq. 15a - 1 .0 8.3 17.3
Eq. 15b 14.8 14.8 14.8
14.8 14.8 17.3
-3 .0 -3 .0  -3 .0 -3 .0 -3 .0
TL.tn 14.8 14.8 17.3 25.4 28.4 32.0 38.0 42.0
3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
L - L  w, w. -17.8 -17.8 - 2 0 -28.4 -31.4  -3 5 -4 1 —45t i
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5.3 CIRCULAR DUCTS
If the duct is circular, A. and Aq in equations (5.1) and (5.2) are given by 
d2A. =  7 T ^  (5.17)
Aq =  12-L - 7T'd (5.18)
where d is the duct diameter (in) and L is the length (ft) of the duct. Narrow band and 1/3
octave band breakout transmission loss for circular ducts are very hard to predict and no
simple prediction techniques are available. (11,12) However, if the analysis is limited to 1 / 1
octave frequency bands, associated with circular ducts can be approximated. Table 5.3
shows TL data for circular ducts that was obtained by Cummings. (11,12) If the breakout out)
analysis is limited to 1/1 octave band values, equations (5.19) and (5.20) can be used to 
approximate the data in Table 5.3.
T L j =  17.6-Log1() [q] -4 9 .8 -L o g 1 0  [ j \ -  55.3-L o g ^  [d] +  Cq dB (5.19)
TL2  =  17.6 • Log1 0  [q] -  6 . 6  • Log1() \J\ -  36.9 • Log1 0  [d] +  97.4 dB (5.20)
Table 5.3 Experimentally Measured T L ^  vs. Frequency
Long Seam Ducts 1/1 Octave Band Center Frequency — Hz
Diam. Length 63 125 250 500 1 0 0 0 2 0 0 0 4000
8  in. 15 ft, 26 ga. 45 53 55 52 44 35 34
14 in. 15 ft, 24 ga. 50 60 54 36 34 31 25
2 2  in. 15 ft, 22 ga. 47 53 37 33 33 27 25
32 in. 15 ft, 22 ga. 51 46 26 26 24 2 2 38
Spiral Wound Ducts
Diam. Length
8  in. 1 0  ft, 26 ga. 48 64 75 72 56 56 46
14 in. 1 0  ft, 26 ga. 43 53 55 33 34 35 25
26 in. 10 ft, 24 ga. 45 50 26 26 25 2 2 36
26 in. 1 0  ft, 16 ga. 48 53 36 32 32 28 41
32 in. 1 0  ft, 2 2  ga. 43 42 28 25 26 24 40
2
where q is the m ass/unit area (lb/ft ) of the duct wall, /  is frequency (Hz), d is the inside duct 
diameter (in), and
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C =  230.4 o
C =  232.9 o
for long seam ducts 
for spiral wound ducts
TL =  the larger of TL, „ dB. out G 1 ,2 (5.22)
The above equations yield good results except when the diameter of the duct is greater than 26 
inches and the 1/1 octave band center frequency is equal to 4000 Hz. For this special case
T L ^  is given by
TLow< =  17.6 • Log, n[q] -  36.9 • Log, n[d] +  90.6 dBno 1 0 l (5.26)
The maximum allowable value for TL . is 50 dB. Thus, if the value for TL, obtained fromout 1
equation (5.23) exceeds 50 dB, the value should be set equal to 50 dB. Table 5.4 lists the 
calculated values for T L ^ ^  that correspond to the values listed in Table 5.3.
Table 5.4 Calculated T L ^  vs. Frequency
Diam. Length 63 125 250 500 1 0 0 0 2 0 0 0 4000
8  in. 15 ft, 26 ga. 50 50 50 44 42 40 38
14 in. 15 ft, 24 ga. 50 50 48 37 35 33 31
2 2  in. 15 ft, 22 ga. 50 50 38 32 30 28 26
32 in. 15 ft, 22 ga. 50 44 29 26 24 2 2 37
Spiral Wound Ducts
Diam. Length
8  in. 1 0  ft, 26 ga. 50 50 50 46 42 40 38
14 in. 1 0  ft, 26 ga. 50 50 48 35 33 31 29
26 in. 10 ft, 24 ga. 50 50 35 27 25 23 38
26 in. 1 0  ft, 16 ga. 50 50 42 34 32 30 45
32 in. 1 0  ft, 2 2  ga. 50 47 32 26 24 2 2 37
For calculating the breakin transmission loss for circular ducts, the cu t-o ff frequency for
the lowest acoustic cross—mode is given by 
,  _  7929
n ”  d •
If /  < / , ,  the breakin transmission loss, T L . , is obtained from n  in
T L . =  larger of in °
TLo u t -  4 +  20 ' Log10
1 0 •Log10
dB
(5.23)
(5.24a)
(5.24b)
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If / >  / j ,  the breakin transmission loss is defined by
TL. =  TL — 3 dB . (5.32)»n out v ’
Table 5.5 gives experimentally determined values for the breakin transmission loss for various 
duct sizes, and Table 5.6 gives the corresponding values calculated using the above equations.
Table 5.5 Experimentally Determined T L ^  vs. Frequency
Long Seam Ducts 1/1 Octave Band Center Frequency — Hz
Diam. Length 63 125 250 500 1 0 0 0 2 0 0 0 4000
8  in. 15 ft, 26 ga. 17 31 39 42 41 32 31
14 in. 15 ft, 24 ga. 27 43 43 31 31 28 2 2
2 2  in. 15 ft, 22 ga. 28 40 30 30 30 24 2 2
32 in. 15 ft, 22 ga. 35 36 23 23 2 1 19 35
Spiral Wound Ducts
Diam. Length
8  in. 1 0  ft, 26 ga. 2 0 42 59 62 53 43 26
14 in. 1 0  ft, 26 ga. 2 0 36 44 28 31 32 2 2
26 in. 10 ft, 24 ga. 27 38 2 0 23 2 2 19 33
26 in. 1 0  ft, 16 ga. 30 41 30 29 29 25 38
32 in. 1 0  ft, 2 2  ga. 27 32 25 2 2 23 2 1 37
Table 5.6 Calculated TL■. vs. Frequency
Long Seam Ducts 1/1 Octave Band Center Frequency -  Hz
Diam. Length 63 125 250 500 1 0 0 0 2 0 0 0 4000
8  in. 15 ft, 26 ga. 17 23 29 34 39 37 35
14 in. 15 ft, 24 ga. 2 2 28 34 32 32 30 28
22 in. 15 ft, 22 ga. 26 32 31 29 27 25 23
32 in. 15 ft, 22 ga. 29 34 26 23 2 1 19 34
Spiral Wound Ducts
Diam. Length
8  in. 1 0  ft, 26 ga. 17 23 29 35 39 37 35
14 in. 10 ft, 26 ga. 27 38 37 30 30 28 26
26 in. 10 ft, 24 ga. 27 33 29 24 2 2 2 0 35
26 in. 1 0  ft, 16 ga. 27 33 36 31 29 27 42
32 in. 10 ft, 22 ga. 29 35 29 23 2 1 19 34
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EXAMPLE 5.2
Determine the breakout and breakin sound power of a long seam circular duct given the 
following information: Diameter — 14 inches; Length — 15 feet. The duct is constructed of 24 
gauge sheet metal.
Breakout:
2
q =  m ass/unit area of 24 ga sheet metal = 1 .0  lb ^ /f t
14^ 2A. =  7T •—  =  153.9 in l 4
A =  12-15 -7T-14 =  7,916.8 in2  o
10-Log1() (Aq/A .) =  10-Log1() (7,916.8/153.9) =  17.1 
The results are tabulated below.
1/1 Octave Band Center Frequency — Hz
63 125 250 500 1 0 0 0 2 0 0 0 4000
TL 77.6 62.6 47.6 32.6 17.6 2 .6 -12 .4
T L 2
43.3 41.3 39.3 37.3 35.3 33.3 31.3
TL 50.0 50.0max
TLo«t 50.0 50.0 47.6 37.3 35.3 33.3 31.3
iO-Logio (Ao/A.) 17.1 17.1 17.1 17.1 17.1 17.1 17.1
L - L -3 3 -3 3 -3 1 - 2 0 -1 8 -1 6 -1 4w w.r l
Breakin:
/ j  =  7929/14 =  566.4 Hz 
The results are tabulated below.
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63
1/1 Octave Band Center Frequency 
125 250 500 1000 2000
- H z
4000
TL , out 50.0 50.0 47.6 37.3 35.3 33.3 31.3
Eq. 5.31a 
Eq. 5.32 b
26.9
14.1
32.9
14.1
36.5
14.1
32.2
14.1
26.9 32.9 36.5 32.2
-3 .0 -3 .0 -3 .0
TL.in 26.9
3.0
32.9
3.0
36.5
3.0
32.2
3.0
32.3
3.0
30.3
3.0
28.3
3.0
L - LwA w. t  l
-3 0 -3 6 -4 0 -3 5 -3 5 —33 -3 1
5.3 FLAT-OVAL DUCTS
If the duct is a flat oval duct, A. and Aq in equations (5.1) and (5.2) are given by 
, 2
A. =  b - ( a - b ) + ^ -  (5.26)
A^ =  12L [2(a -  b) +  Trb] (5.27)
P =  2 - ( a - b )  +  ffb (5.28)
where a is the length (in) of the major axis, b is the length (in) of the minor axis, A^ . is the
2 2 cross-sectional area (in ), Aq is the surface area of the outside of the duct (in ), and P is the
perimeter of the duct (in). The fraction of the perimeter taken up by the the flat sides, cr, is
given by:
1 + 2 ( r M  <'•“ >
The minimum breakout transmission loss for flat oval ducts is given by 
A
TLou<(min) =  10-log10( ^ )  (5.30)
The low—to—mid frequency transmission loss, T L ^ ^ m in )  (dB), associated with flat oval ducts
is specified by
t i w = i o -k * i o ML<r P j
+  20 dB
The upper frequency limit, (Hz), of the applicability of equation (5.31) is
t  _  8115 
fL ~  b
Table 5.7 gives some values of TL . for flat oval ducts of various sizes.out
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(5.31)
(5.32)
As was the case with rectangular and circular ducts, TL.^ can be written in terms of
TL ,. While there are no exact solutions for the cu t-o ff frequency for the lowest acoustic out
cross—mode in flat oval ducts, equation (5.33) gives an approximate solution.
Table 5.7 TL . vs. out Frequency for Various Flat—Oval Ducts
Size in. Gauee 63 125 250 500 1 0 0 0 2000 4000 8000
1 2  x 6 24 ga. 31 34 37 40 43 —  — —
24 x 6 24 ga. 24 27 30 33 36 —  — —
24 x 12 24 ga. 28 31 34 37 — —  — —
48 x 12 2 2  ga. 23 26 29 32 — —  — —
48 x 24 2 2  ga. 27 30 33 — — —  _ —
96 x 24 2 0  ga. 2 2 25 28 — — —  — —
96 x 4 8 18 ga. 28 31 — — — — — —
4 = 6764
( a  -  b)- 1 + 7rb
1 1 / 2
(5.33)
2 (a - b )
where a  and b are in inches. This equation is valid where a /b  > 2. When a/b  < 2 the 
accuracy of equation (5.33) deteriorates progressively as a /b  approaches unity. When / <  /^,
T L ^  is given by
T L . =  the larger of in °
T L ^  + l O - l o g ^ / A . l - S l
i ,  .  ,  / 6 PL n
1 0 ‘ lo g 1 0 (— ) I
Where / >  / j ,  T L ^  is given by the following equation
TL. =  TL - 3  dB in out
(5.34a)
(5.34b)
(5.35)
Table 5.8 gives T L . values for the duct sizes listed in Table 5.7. °  in
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Table 5.8 TL. vs. Frequency for Various Flat—Oval Ductsin
Size in. Gauge 63 125 250 500 1000 2000 4000 8000
12 x 6  24 ga. 18 18 22 31 40 -  -  -
24 x 6  24 ga. 17 17 18 30 33 -  -  -
24 x 12 24 ga. 15 16 25 34 -  -  -  -
48 x 12 22 ga. 14 14 26 29 -  -  -  -
48 x 24 22 ga. 12 21 30 -  -  -  -  -
96 x 24 20 ga. 11 22 25 -  -  -  -  -
96 x 48 18 ga. 19 28 -  -  -  -  -  -
EXAMPLE 5.3
Determine the breakout and breakin sound power of a flat oval duct given the following
information. Major axis — 24 inches; Minor axis — 6  inches; Length — 20 ft. The duct is
constructed of 24 gauge sheet metal.
Breakout:
q =  1 .0  lb / f t 2  m
2
A . =  6  • (24 -  6 ) +  =  136.27 in2
A q =  12-20- [2 -(24 - 6 ) +  x -e] =  13163.9 in2
P =  2-(24 — 6 ) +  7T • 6  =  54.85 inches
7T*6
< 7 = l / [ l  + 2(24 -  6 ) =  0.6563
TL (min) =  10-log (1 3 1 6 3 , 9  “ A =  19.8 dB
136.27 in
4 = = 1352,5 Hz
The results are shown below.
63 125 250 500 1000 2000 4000 8000
T L 0«*
24.2 27.2 30.2 33.3 36.3 — — —
1 0 .L o g io (A o/ A i) 19.8 19.8 19.8 19.8 19.8
L - L - 4 .4 - 7 .4 - 1 0 .4 - 1 3 .4 -1 6 . 19.8 19.8 19.8w w.r t
Breakin:
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' l = “
6764
(24 -  6 )- 1 + 2(24-6)
The results are tabulated below.
1/2 =  304.4 Hz
Eq. 5.44a 
Eq. 5.44b 
Eq. 5.45
63
0.5
16.8
125
9.5
16.8
250
18.5
16.8
500
30.3
1 0 0 0
33.3
2 0 0 0
- 3
4000
- 3
8000
- 3
TL.m 16.8 16.8 18.5 30.3 33.3 - 3 - 3 - 3
3 3 3 3 3 3 3 3
L - LUK w . i t
- 2 0 - 2 0 - 2 2 -3 3 -3 6 — — —
5.4 INSERTION LOSS OF EXTERNAL ACOUSTIC WALL LAGGING ON 
RECTANGULAR DUCTS
External acoustic lagging is often applied to rectangular ductwork to reduce the 
transmission of sound energy from within the duct to surrounding areas. The lagging usually 
consists of a layer of soft, flexible, porous material, such as fiberglass, covered with an outer 
impervious layer. A relatively rigid material, such as sheet metal or gypsum board, or a limp 
material, such as sheet lead or loaded vinyl, can be used for the outer covering.
With respect to the insertion loss of externally lagged rectangular ducts, different 
techniques must be used for rigid and limp outer coverings. (11,19) When rigid materials are 
used for the outer covering, a pronounced resonance effect between the duct walls and the outer 
covering usually occurs. W ith limp materials the variation in the separation between the duct 
and its outer covering dampens the resonance so that it no longer occurs. For both techniques 
it is necessary to determine the low frequency insertion loss, IL(lf). It is given by
where is the perimeter of the duct (in), is the perimeter of the outer duct (in), Mj is the
IL(1/) =  2 0 -Log1()
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2mass per unit area of the duct (lb/ft ), and Mg is the mass per unit area of the outer covering
(lb/ft^). P j  and Pg are specified by
P 1 = 2 - ( a + b )  (5.37)
Pg =  2 -(a  + b +  4h) (5.38)
where a is the duct width (in), b is the duct height (in), and h is the thickness (in) of the soft,
flexible, porous material between the duct wall and the outer covering.
If a rigid outer covering is used, it is necessary to determine the resonance frequency, /r
(Hz), associated with the interaction between the duct wall and outer covering, is given by
/  =  156- r
P 2  M 2 (5.39)
2 ,
•P j/M g -S  (Hz)
where M^, Mg, P^, and Pg are as previously defined. S is the cross-sectional area (in*') of the 
absorbent material and is given by
S =  2h • (a +  b +  2h) . (5.40)
The following procedures for determining the insertion loss for external duct lagging 
should be used for rigid and limp outer coverings.
Rigid covering materials. If 1/3 octave band values are desired, draw a line from point 
B (0.71 Jp  to point A (Jp on Figure 5.1. The difference in IL between points B and A is 10
dB. The equation for this line is
IL =  IL(1J) - 6 7 .2 3 -Log
10 0.71 -/ (dB) . (5.41)
Next draw a line from point A (Jp to point C (1.41 / )  on Figure 5.1. The equation for this
line is
IL =  IL(IJ) — 10 +  67.02 *Log10 (d B ). (5.42)
From point C (1.41 • Jp draw a line with a slope of 9 dB/octave. The equation for this line is
IL =  IL(lf) +  29.90-Log
10 1 .41-/ (dB) . (5.43)
If 1/1 octave band values are desired, use equation (5.36) for the 1/1 octave bands below the
one that contains f  . For the 1/1 octave band that contains subtract 5 dB from IL(1J)
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obtained from equation (5.36). For the 1/1 octave bands above the one that contains / ,  user
equation (5.43).
Limp covering materials. Since there is no pronounced resonance with limp covering 
materials, the low frequency insertion loss, IL(1/), is valid up to after which the insertion loss 
increases at a rate of 9 dB per octave (Figure 5.2). For frequencies above f  the equation for 
insertion loss is
(dB) . (5.44)IL =  IL (If) +  29.90 -Log1()
The insertion loss of duct lagging probably does not exceed 25 dB.
According to Cummings, the insertion loss predictions using the procedures described 
above should be fairly accurate up to about 1000 Hz for most ducts. (11,19) Work reported by 
Harold indicates that insertion loss values obtained by the above procedure may be a little 
optimistic. (12) Duct lagging may not be a particularly effective method for reducing low 
frequency (<100 Hz) duct sound breakout. A more effective method for reducing duct 
breakout is the use circular ductwork, which has a high transmission loss at low frequencies.(1 2 )
EXAMPLE 5.4
Determine the 1/1 octave band insertion loss of a rectangular externally lagged duct with 
the following characteristics. Dimensions: 8  in x 8  in; 18 ga. sheet metal duct; 1 inch of 
absorbent material; 1/2 in Gypsum board outer covering.
2M j =  m ass/unit area of 18 ga. sheet metal =  2 .0  lb /ft
2
Mg =  mass/using area of 1 sheet of 0.5 in Gypsum board =  2.1 lb /ft 
P j  =  2 * ( 8  +  8 ) =  32 inches 
Pg =  2 • ( 8  +  8  +  4 • 1) =  40 inches
Thus,
O 1 3 0 '
=  5.3 dBIL(1 f) =  20-log1() 1 + M.32 +  2.0 40
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30
m
>
totoo 9 d B / 0 c t a v e  
s lo p e0.71 f. 1.41 f.
6 3  10 0  1 0 0 0
FREQUENCY -  Hz
Figure 5.1 Insertion Loss Curve for Duct Lagging with a Rigid Outer Covering
3 0
20
9 d B / 0 c t a v e  
s lo pe
6 3  10 0  1 0 0 0
FREQUENCY -  dB
Figure 5.2 Example of the insertion Loss Curve for Duct Lagging with a 
Limp Outer Covering
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S =  2 -1 - ( 8  +  8  +  2-1) =  36 in2  
The resonance frequency is
/r =  1 5 6 [ | |  +  | i ]  -(32/2.1)-36 =  154 Hz 
154 Hz is in the 125 Hz 1/1 octave band. Equation (5.54) can be written 
I I  =  IL(I/) +  29.897 - lo g 1 0  [ i ^ j ]  .
The results are summarized below.
1/1 Octave Band Center Frequency — Hz 
63 125 250 500 1000 2000 4000
IL(1 /) 5.3 5.3
-5 .0
IL (9dB/octave) 7.1 16.1 25.1
Max IL value 25.0 25.0
IL 5.3 0.3 7.1 16.1 25.1 25.0 25.0
8000
25.0
25.0
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CHAPTER 6
SOUND TRANSMISSION IN INDOOR AND OUTDOOR SPACES
6.1 SOUND ATTENUATION THROUGH CEILING SYSTEMS
When mechanical equipment is located in the ceiling plenum above an occupied room, 
noise transmission through the ceiling can be high enough to cause excessive noise levels in that 
Table 6.1 Transmission Loss Values for Ceiling Materials
Gypsum Board
Transmission Loss — dB 
Thickness Surface Weight 1/1 Octave Band Center Frequency — Hz
in lb/sa ft 63 125 250 500 1 0 0 0 2 0 0 0 4000
3/8 1 .6 6 11 17 2 2 28 32 24
1 / 2 2 .1 9 14 2 0 24 30 31 27
5/8 2.7 1 0 15 2 2 26 31 28 30
1 4.6 13 18 26 30 30 29 37
Acoustical Ceiling Tile — Exposed T—Bar Grid Suspended Lay—in—Ceilings
Dimensions
ftxftxin
2x4x5/8 0.6 -  0.7 4 9 9 14 19 24 26
2x4xl.5 0.9 4 9 10 1 1 15 2 0 25
2x4x5/8 0.95 -  1.1 5 11 13 15 2 1 24 28
2x2x5/8 1.2 -  1.3 5 1 0 11 15 19 2 2 24
Acoustical Ceiling Tile — Concealed Spline Suspended Ceiling
lx lx5 /8  1.2 6  14 14 18 22 27 30
ASHRAE 1987 General Ceiling Tile Insertion Loss Values
1 2 4 8 9 9 14
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room. Since there are no standard tests for determining the transmission loss through ceiling 
construction, data is limited. Table 6.1 gives single—pass transmission loss values for various 
ceiling materials. (35,36)
The single—pass transmission loss values in Table 6.1 are for ceilings in which there are 
no penetrations or acoustical flanking. The acoustical integrity of ceilings can be greatly 
compromised by these factors. When leaks and/or flanking paths are present, the transmission 
loss of a ceiling can be significantly reduced. Equation (6.1) gives the corrected transmission 
loss, TL (dB), taking into account flanking transmission and acoustical leaks.
TL =  -1 0  • Log1() [(1—r) • 10(_TL/10) +  r]  (6.1)
where T is the correction coefficient for type of ceiling. Table 6.2 gives approximate values for 
r  for various types of ceilings. The values were selected because they yield transmission loss 
values that agree reasonably well with expected values
Table 6.2 r  for Different Types of Ceiling Configurations
Ceiling Configuration r
Gypboard: No Ceiling 0.0001
Diffusers or Penetrations
Gypboard: Few Ceiling 0.001
Diffusers and Penetrations Well Sealed
Lay—in—Suspended Tile: No 0.001
Integrated Lighting of Diffuser System
Lay—in—Suspended Tile: 0.03
Integrated Lighting and Diffuser System
EXAMPLE 6.1
Determine the transmission loss of a ceiling with 1 layer of 1/2 inch gypsum board which
2
has a surface weight of 2.1 lb /ft . The ceiling has few diffusers and the penetrations are well 
sealed.
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The following transmission loss values are obtained from Table 6.1:
1/1 Octave Band Center Frequency — Hz 
63 125 250 500 1000 2000 4000
Transmission Loss, dB 9 14 20 24 30 31 27
The correction factor for a suspended ceiling with few ceiling diffusers and well sealed 
penetrations is 0.001. Thus,
TL =  —10 • Log1 0  [(1 -  0.001) .lo (- T L / 10) +  O.OOl]
The results are tabulated below.
1/1 Octave Band Center Frequency — Hz 
63 125 250 500 1000 2000 4000
Transmission Loss, dB 9.0 13.9 19.6 23.0 27.0 27.5 25.2
6.2 RECEIVER ROOM SOUND CORRECTIONS
The sound pressure levels associated with a sound source that occur at a given point in a 
room depend on the source strength, the acoustical characteristics of the room (surface 
treatments, furnishings, etc.), the room volume, and the distance of the sound source from the 
point of observation. There are two types of sound sources associated with HVAC systems that 
can exist in a  room: point source and line source. The point source us usually associated with 
sound radiated from supply and return air diffusers, equipment items, such as, fan—powered 
terminal units above a lay—in ceiling, and other similar items. The line source is associated 
with breakout noise. Two equations are proposed for use with point sound sources: 
Thompson's equation and Schultz's equation. (33,42,43) Classical diffuse room theory predicts 
that as a receiver is moved away from a sound source, the sound pressure levels associated with 
the sound source decrease at the rate of 6  dB for every doubling of distance from the sound 
source until they reach a constant level which does not change as the receiver is continuously
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moved away from the source. Both Thompson and Schultz have reported that this does not 
happen in most rooms of interest to HVAC engineers. Both indicate that the sound pressure 
levels, in fact, never reach a constant level. Thompson has reported that the sound pressure 
levels, close to the sound source, decrease at a rate of 6  dB per doubling of distance and 
transition into a rate of decrease of 3 dB per doubling of distance as the distance from the 
sound source is continually increased. Schultz's work indicates that the sound pressure l e v e l s  
decrease at the rate of 3 dB per doubling of distance away from the sound source.
Thompson's equation is based on experimental results, and it is an empirical 
modification of the classical diffuse room equation. (42,43) The equation is
L =  Lw +  10• Iog10(Q - e- m;  +  . _ i_ _ )  +  1 0 .5  +  1 0 • log N (6.2)
^ 4 • W' t  S* a?T
where Q is the directivity factor associated with the sound source in the direction of the
receiver, r is the distance (ft) between the sound source and receiver, MFP is the mean free
2
path (ft), R is the room constant (ft ), m is the air absorption coefficient (1/ft), and is the
number of point sound sources. Q equals 1 for whole space, 2 for half space, 4 for quarter
space, and 8  for eighth space. For most problems of interest to a HVAC designer, sound from
a sound source generally radiates into half space; thus, Q will usually equal 2. The mean free
path, MFP, is given by 
4 . v
MFP =  (6.3)S • r '
2 3where S is the total surface area of the room (ft ) and V is the total room volume (ft ). The
room constant is specified by
S - a
R = -------± -  (6.4)
1 -  <?T
where is the average room absorption coefficient, is given by
a T =  a  +  ^  (6.5)
where Ot is the average room absorption coefficient associated with the acoustical characteristics 
of the room surfaces and 4mV/S is the contribution to room sound absorption associated with
102
air absorption. Table 6.3 gives typical values of Ot for rooms with the specified acoustical 
characteristics. The values of Ot in Table 6.3 were calculated, assuming a 20 ft by 40 ft by 8  ft 
high room. The walls of the room were constructed of a single layer of 5/8 in gypsum 
wallboard. The ceiling, floor, furnishings, and occupancy of the room were varied as indicated 
in Table 6.3, and the corresponding values for average sound absorption coefficients were 
calculated. The room surface treatments were selected to yield average absorption coefficients 
in the 500 Hz 1/1 octave frequency band that correspond to values given in Noise and 
Vibration Control, by Beranek, for live, medium live, average, medium dead, and dead rooms. 
(3) Table 6.4 gives typical values of m. Air absorption associated with values of m need only 
be considered in large rooms, such as, auditoriums and large open office areas.
Table 6.3 Sound Absorption Coefficients for Typical Receiving Rooms
Type of Room 63 125 250 500 1000 2000 4000
Dead .26 .30 .35 .4 .43 .46 .52
Acoustical ceiling, plush carpet, 
soft furnishings, people
Medium Dead .24 .22 .18 .25 .3 .36 .42
Acoustical ceiling, commercial carpet, 
people
Average .25 .23 .17 .2 .24 .29 .34
Acoustical ceiling or commercial carpet, 
people
Medium Live .25 .23 .15 .15 .17 .2 .23
Some acoustical material, people
Live .26 .24 .12 .1 0.09 .11 .13
People only
Table 6.4 Air Absorption Coefficients
63 125 250 500 1000 2000 4000
m 0 0 0 0 0 0.0009 0.0029
Schultz's equation for converting from L ^  to L^ in a receiver room is an empirical 
equation based solely on experimental results. Schultz found that the sound pressure levels in a
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receiver room are functions of the sound power level of the sound source, the room volume, 1 / 1  
octave band center frequency. (33) For individual sound sources, the sound pressure level, L
P
(dB), in a receiver room is given by
Lp =  Lw -  10 • log1 Q[r] -  5 • Iog1Q[V] -  3 • log1()[/| +  10 • log1 ()[N] +  25 (6 .6 )
where is the sound power level (dB) of the sound source, r is the distance (ft) between the
3sound source and receiver, V is the room volume (ft ), /  is the 1/1 octave band center
frequency (Hz), and N is the number of sound sources. For an array of distributed ceiling
diffusers, equation (6 .6 ) can be expressed
Lp (5 ft) =  LWg -  27.6 • log1()[h] -  5 • log1 ()|S] -  3 • log^Lfl +  1.3 • log1(J[N] +  30 (6.7)
where Lp (5 ft) is the sound pressure level (dB) at a distance of 5 feet above the floor, L ^ .g is
the sound power level (dB) associated with a single diffuser in the array, h is the ceiling height,
N is the number of ceiling diffusers, and X is the ratio of the floor area served by each diffuser
2divided by the square of the ceiling height (X =  1 if the area served equals h ).
Caution should be exercised in using both Thompson's and Schultz's equations. With 
regard to Thompson's equation, it is necessary to make an assumption about the acoustical 
characteristics of the room being analyzed. Most rooms of interest to the HVAC designer will 
be acoustically medium dead. Thus, the average absorption coefficients in Table 6.3 for a 
medium dead room should be selected for most calculations. It is generally understood that the 
conversion from to Lp in a receiving room is a function of room sound absorption, typically 
described by the average absorption coefficient of the receiving room. In Schultz's equations, 
the effects of the room absorption are contained in the room volume term. Equations (6 .6 ) and 
(6.7) apply primarily to rooms that are acoustically medium dead. These equations will give 
reasonable results for rooms that have acoustical characteristics that range from average to 
dead. The lowest frequency band for which data was presented by Thompson was the 250 IIz 
1/1 octave band. (42) For Shultz, the lowest frequency band was the 125 Hz 1/1 octave band. 
(33) Also, with regard to Shultz's data, there is some question relative to the value of the 
calibrated sound power level in the 125 Hz 1/1 octave band of the reference sound source used
to generate the data that was utilized in developing his equation. Equation (6 .6 ) is a 
completely empirical equation. As such, there is currently no data available that can be used 
to justify extrapolating this equation or equation (6.7) to the 63 Hz 1/1 octave band. Since 
Thompson's equation is a modification of the classical diffuse room equation, there is some 
justification for extrapolation equation (6.2) to the 63 Hz and 125 Hz 1/1 octave bands. 
However, when this is done, a great deal of caution should be exercised when interpreting the 
results in these bands. In the 1/1 octave band frequency bands from 125 Hz to 8,000 Hz and 
for medium dead rooms, currently Schultz1 equation gives the most accurate and dependable 
results.
When considering the sound pressure levels in a room that are associated with duct 
breakout, the sound source is the duct, which must be considered as a line source. For 
converting from duct breakout sound power levels to the corresponding sound pressure levels in 
the room, the equation for a line sound source should be used. It is
line source to the receiver, L is the length of the line source, and R is defined by equation (6.4).
feet wide, and 8  feet high. The sound source is a single diffuser located in the ceiling. The 
distance between the sound source and receiver is 8  feet. Use equation (6 .6 )
p W T  610 |4JT r L Rj K
where Lw  and L are defined as before, Q is as specified before, r is the distance (ft) from the
Q +  |  + 10 .5
This is the classical diffuse room equation for a line sound source. There currently is no other
information for converting from to for line sound sources.
EXAMPLE 6.2
Determine the values for converting from Lw  to L for a room that is 15 feet long, 10
V =  15-10-8 =  1200 ft'3
The results are tabulated below
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1/1 Octave Band Center Frequency — Hz
63 125 250 500 1 0 0 0 2 0 0 0 4000 8000
-10Log1 ()[8] -9 .0 -9 .0 -9 .0 -9 .0 -9 .0 -9 .0 -9 .0 -9 .0
-5L og10M -15.4 -15 .4 -15.4 -15 .4 -15 .4 -15.4 -15.4 -15.4
—3Log[^ -5 .4 -6 .3 -7 .2 - 8 .1 -9 .0 -9 .9 - 1 0 .8 -11 .7
25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0
L -  L , dBp w -4 .8 -5 .7 - 6 . 6 -7 .5 -8 .4 -9 .3 - 1 0 .2 - 1 1 .1
6.3 SOUND TRANSMISSION THROUGH MECHANICAL 
EQUIPMENT ROOM WALLS, FLOOR, OR CEILING
There are many situations where the mechanical equipment room is adjacent to an 
occupied space and it is necessary to determine the sound pressure levels in the occupied space 
that are associated with sound radiated from equipment that is in the mechanical equipment 
room. Often the equation that is used to make this calculation is
NE =  TL -  10 Log1(] SW dB (6.9)a
where TL is the transmission loss (dB) of the wall between the mechanical equipment room and
2the adjacent room, is the surface area (ft ) of the common wall between the two rooms, a
2is the total acoustical absorption (ft ) of the adjacent room, and NR is noise reduction (dB).
(27) NR is
NR =  L , > — L , , dB (6.10)p(m) p(a)
where *s the sound pressure level (dB) in the mechanical equipment room and is
the sound pressure level (dB) in the adjacent room. Equation (6.9) has some very severe 
limitations associated with it. With the exception of the vicinity of the sound source, it 
assumes that the sound fields in the mechanical equipment and adjacent rooms are totally 
diffuse. T hat is the sound pressure levels in both rooms are the same throughout. This may 
be the case in the mechanical equipment room if it has all hard reflecting surfaces. If the
mechanical equipment room has sound absorbing materials on the walls or other mechanisms 
tha t take sound energy out of the room, will not be the same throughout the room.
Usually, in the adjacent room is not constant throughout the room. When kp(m) and
Lp(a) are n°* cons*'an*' throughout, they are functions of the location in the room where the 
respective sound pressure levels are to be determined and of the acoustical and geometrical 
characteristics of the respective rooms. Equation (6.9) does not take any of these factors into 
account. Finally, in many situations relative to the sound levels that exist in a mechanical 
equipment room, the sound power levels, not the sound pressure levels, of a sound source are 
given. Equation (6.9) does not give a means of easily converting from sound power levels to 
typical sound pressure levels within the room.
To determine the sound pressure levels in an adjacent room associated with noise that
exits in a  mechanical equipment room, it is necessary to develop a series of equations that take
into account the sound power levels of the sound source and the acoustical and geometrical
characteristics of the mechanical equipment room, the transmission loss characteristics of the
wall separating the two rooms, and the acoustical and geometrical characteristics of the
adjacent room. First, consider the mechanical equipment room. To proceed, it is necessary to
determine the acoustical intensity, and consequently sound power, that is incident on the
common wall between the mechanical equipment room and the adjacent room. There are two
types of acoustical power that are incident on the wall: (1) reverberant and (2) direct. The
direct field sound power is that sound power that is directly radiated from a sound source
before it undergoes its first reflection. The reverberant field sound power is the sound power
that is present in the room after the sound waves have undergone their first reflection. It can
easily be shown that the reverberbant sound power, W „, incident on the wall is
i t
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Sound  
Sou r c e
dS
Figure 6.1 Direct Field Sound Power Incident on a Wall 
where W is the sound power (watts) radiated from the sound source, O' is the average sound
absorption coefficient of all of the surfaces in the mechanical equipment room, S^j is the total
2 2 surface area (ft ) of the mechanical equipment room, and is the surface area (ft ) of the
common wall between the mechanical equipment room and the adjacent room. (2 )
Referring to Figure 6.1, the direct field acoustical intensity, Ip , of a spherical surface
element adjacent to a  wall is
I p  =  ^  ^2 (w atts/ ft2 ) (6-11)
4 7T • r
where W is the sound power (watts) radiated from the sound source, Q is the directivity factor, 
and r is the distance from the sound source (ft) to the spherical surface element. If the sound 
source radiates sound into half space (a conditions that exist when a sound source sits on a 
hard reflecting surface), Q equals 2 and equation (6.11) becomes
108
W
ID =  — — o -  (6-12)
27T • r
The incremental direct field sound power, dW p, associated with the spherical surface element 
incident on the wall is
dW p =  Ip 'dS *cos0  (6.13)
where dS • cos# is the projection of the surface element area, dS, onto the wall. dS is given by 
dS =  r ^ - s in ^ 'd ^ 'd ^ i . (6.14)
Substituting equations (6.12) and (6.14) into equations (6.13) yields
dW p =  ^ - ^ ‘s in ^ 'c o s ^ 'd ^ 'd ^  . (6.15)
The total direct field sound power incident on the wall is obtained by integrating equation 
(6.15) over the surface area of the wall. To make the integration simpler, let the wall be 
represented by a half circle surface with radius h (ft) where the surface area of the half circle 
equals the rectangular surface area of the wall, S ^ .  Thus,
W n  =  f  f sin9 cos9 d 9  dtp (6.16)
J 0  J 0
where the limits of integration for Ip are from 0 to 7T and the limits of integration for 0 are
from 0 to 9.  Carrying out the integrations yields
W D =  ^ - s i n 2?  . (6.17)
Referring to Figure 6.1,
9 -  V,2
sin 9 =  ^  • (6.18)
r
-2  2 2Noting that r =  h + 1  where 1 is the horizontal distance from the sound source to the wall, 
equation (6.17) becomes
2
w D = r j - 2* (6-19)
W  h
h2  +  1
The area of the wall can be expressed
7Th2 2 2^W
Sw  =  ^ -  or =  ~5r ' (6-20)
Substituting equation (6.20) into equation (6.19) and simplifying gives
Equation (6.21) indicates that in a simplified sense the direct field sound power incident on a 
wall is a function of the surface area of the wall and the distance between the sound source and 
wall.
To determine the relevancy of equation (6.21), it is necessary to look at an example. 
Consider a room that has dimensions of 20 ft x 40 ft x 10 ft with a sound source place on the 
floor in the center of the room. The percentage of the toteil direct field sound power incident 
on each of the room surfaces is equal to the surface area of each individual surface divided by 
the total surface area. Table 6.5 gives a correlation of the results predicted by equation (6.21) 
with the results obtained on a proportional surface area basis. The table indicates that the
Table 6.5 Comparison of % Direct Field Sound Power Incident on Room Surfaces
Surface % Area Method % Eq. (6.21)
Short Wall 7 6
Short Wall 7 6
Long Wall 14 18
Long Wall 14 18
Ceiling 29 23
Floor 29 25
TOTAL 100 96
percent of the total direct field sound power (sound source in center of room) incident on the 
individual wall surfaces in the example room that is predicted by equation (6 .2 1 ) is very close 
to the values estimated using the area method.
The total sound power, W ^ ,  incident on a wall is equal to the sum of equations (6.10)
wW
w =  s w (1 -  a )
SM<* 4SW +  27rt
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(6.23)
Taking the logarithm of both sides of equation (6.23) and rearranging the results yields
LW(wall) =  LW +  10‘Log10 W
(1  ~  a) + 1
4SW +  2ji1
(6.24)
Often many sound sources do not radiated sound equally in all direction. If there is a 
directional characteristic associated with a particular sound source, equation (6.24) can be 
written
(1 — a) . DF
LW(wall) =  LW +  10' Log10 W
sm° 4SW  +  27T1
(6.25)
where DF is the directivity factor associated with the sound source in the direction towards the 
wall of interest.
Equation (6.25) can be used to determine the sound power incident on a hole in the
2
mechanical equipment room wall that has an area (ft ). For this situation, and
Sjj «  27rl . Thus equation (6.25) becomes
LW(hole) “  LW +  10‘Log10 H
DF
2flT‘
(6.26)
Table 6 . 6  Sound Absorption Coefficients for Various Construction Materials
1/1 Octave Band Center Frequency — Hz
Material 63 125 250 500 1 0 0 0 2 0 0 0 4000
1. Poured Concrete 0 .0 1 0 .0 1 0 .0 1 0 .0 2 0 .0 2 0 .0 2 0.03
2. Concrete Block: 
Painted
0 .1 1 0 .1 0 0.05 0.06 0.07 0.09 0.08
3. Concrete Block: 
Unpainted
0.17 0.18 0 .2 2 0.15 0.15 0.19 0 .1 2
4. Single Layer 5/8" 
Gypsum Board
0.31 0.29 0 .1 0 0.06 0.05 0.05 0.05
5. Double Layer 5/8" 
Gypsum Board
0.13 0 .1 0 0.05 0.05 0.05 0.05- 0.05
6 . 2" 3 pcf
Fiberglass Insulation
0.15 0 .2 2 0.82 1 .2 1 1 .1 0 1 .0 2 1.05
7. 3" 3 pcf
Fiberglass Insulation
0.48 0.53 1.19 1 .2 1 1.08 1 .0 1 1.04
8 . 4" 3 pcf
Fiberglass Insulation
0.76 0.84 1.24 1.24 1.08 1 .0 0 0.97
I l l
Generally the surfaces of a mechanical equipment room are hard, reflecting surfaces.
Table 6 . 6  gives the sound absorption coefficients, a, of common materials used in mechanical
equipment rooms as a function of 1/1 octave band center frequencies. (25,27) The ceiling and
floor are generally poured concrete. The walls are usually concrete blocks, poured concrete, or
gypsum board. Typically the walls are constructed of predominantly one type of material.
When this is the case, the average sound absorption coefficient, a, for a mechanical equipment
room can be calculated from
_  S a  +  S0a 9
a  =   —  (6.27)
M
where is the absorption coefficient of the ceiling and floor, is the absorption coefficient
2 2 of the walls, is the surface area (ft ) of the ceiling and floor, S£ is the surface area (ft ) of
2the walls, and S^j is the total surface area (ft ) of the mechanical equipment room. If a 
fiberglass blanket is added to the surfaces of a mechanical equipment room, the new average 
absorption coefficient, Q^, can be estimated from 
_  P C -a „ +  (100 -  P C ) - a
V -- 1 — loo  <6-28)
where a  is the absorption coefficient from equation (6.27), a^ is the absorption coefficient of 
the fiberglass blanket, and PC is the percent of the total room surface that is covered by the 
fiberglass blanket. If the value of a  exceeds 1.0, it should be set equal to 1.0.
cl
After the sound power levels incident on the common wall between a mechanical 
equipment room and an adjacent room have been calculated, it is necessary to determine the 
transmission loss through the wall. Tables 6.7 through 6.9 give transmission loss, TL, values 
for wall configurations that are commonly used for mechanical equipment rooms. (9) The 
transmission loss values given in Tables 6.7 through 6.9 were obtained under ideal laboratory 
conditions. These conditions rarely exist in the field. Acoustic leaks and flanking can 
substantially reduce the transmission loss values given in these Tables. Equation (6.29) gives
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Table 6.7 Transmission Loss Values of Dry—Wall Configurations
Wall Configuration
1/1 Octave Band Center Frequency, Hz 
63 125 250 500 1000 2000
201. 3 5/8" Metal Channel 11 
Studs; 5/8  in Gypsum Wallboard Screwed 
to both sides of Studs; All 
Joints Taped and Finished
2. Same as (1) except 14
2 in 3 lb/cu. ft. fiberglass blanket 
placed between studs
3. 3 5/8" Metal Channel 19 
Studs; 2 Layers 5/8 in Gypsum Wallboard 
Screwed to both sided of Studs;
All Joints Taped and Finished
4. Same as (3) except
3 in 31b/cu ft fiberglass blanket 
placed between studs
5. 2 1/2 in Metal 
Studs; 2 Layers 5/8 in Gypsum Wallboard 
Screwed to both sides of studs;
All exposed joints taped and finished
6 . Same as (5) except 22 
2" 3 pcf fiberglass blanket placed 
between studs
7. 3 5/8 in Metal 27 
Channel; 2 Layers 5/8 in Gypsum Wallboard 
screwed to horizontal resilient
channels on one side; 3 layers 5/8
in Gypsum Wallboard screwed to studs
on other side; 3 in 3 pcf fiberglass between studs
24
18
23
27
32
26
31
40
30
40
40
43
37
44
54
37
45
46
50
45
50
61
47
53
52
52
51
53
65
40
47
48
49
47
49
63
4000
44
48
48
50
49
51
67
corrected transmission loss, TL, values taking into account flanking transmission and acoustic 
leaks.
TL =  -1 0  • Log1() [(1 -  T) • 10“ T L /1° +  r] (6.29)
where T is the correction coefficient associated with the quality of construction. Table 6.10 
gives specified values of T for different qualities of construction.
When both the sound power levels, associated with the acoustic intensity
incident on the common wall between a mechanical equipment room and an adjacent room and
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Table 6.8 Transmission Loss Values of Masonry/Floor/Ceiling Configurations
Wall Configuration
1/1 Octave Band Center Frequency 
63 125 250 500 1000
- H z
2 0 0 0 4000
1. 6x8x18 in 3—Cell 24 28 34 39 44 50 53
Light Concrete Block; 21 lb/Block 
2. 6x8x18 in 3—Cell 27 31 36 42 49 50 56
Dense Concrete Block; 36 lb/Block 
3. 8x8x18 in 3—Cell 31 33 37 40 46 51 55
Light Concrete Block; 28 lb/Block 
4. 8x8x18 in 3—Cell 29 33 39 45 49 56 60
Light Concrete Block; 34 lb/Block 
5. 8x8x18 in 3—Cell 30 34 40 49 52 59 57
Dense Concrete Block; 48 lb/Block 
6 . 3 in thick 160 pcf 30 35 39 43 52 58 64
Concrete; 40 lb/sq ft 
7. 4 in thick 144 pcf 32 34 35 37 42 49 55
Concrete; 48 lb/sq ft 
8 . 5 in thick 155 pcf 37 41 43 47 54 59 63
Concrete 65 lb/sq ft 
9. 6  in thick 160 pcf 33 38 43 50 58 64 6 8
Concrete; 80 lb/sq ft 
10. 8  in thick 144 pcf 40 44 47 54 58 63 67
Concrete; 96 lb/sq ft 
11. Prefabricated 3 in 33 34 34 38 45 55 61
Deep Trapezoidal Concrete Channel 
Slabs Mortared together on 20 
in centers; 28 lb/sq ft
Table 6.9 Transmission Loss Values of Painted Masonry Block Walls and Painted Block 
Walls with Resiliently Mounted Gypsum Wallboard
1/1 Octave Band Center Frequency, Hz 
Wall Configuration 63 125 250 500 1000 2000 4000
1. 6x8x18 in 3-C ell 32 36 36 41 45 54 58
Light Concrete Block; 21 lb/Block
Both Sides Painted
2. 6x8x18 in 3-C ell 32 36 38 42 49 53 59
Dense Concrete Block; 36 lb/Block;
Both Sides Painted
3. 8x8x18 in 3-C ell 34 38 38 40 46 54 58
Light Concrete Block; 28 lb/Block;
Both Sides Painted
4. Same as (1) Except 32 36 43 48 61 6 6  6 6
1/2 in Gypsum Wallboard screwed to
resilient channels on one side
5. Same as (3) Except 35 39 40 48 59 61 6 6
5/8 in Gypsum Wallboard screwed to
resilient channels on one side
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Table 6.10 Correction Factors For the Quality of Construction
Quality of Construction T
Excellent — Acoustical Leaks or Penetrations 0 .0 0 0 0 1
Good — V ery  Few Acoustical Leaks 0 .0 0 0 1
and P e n e t r a t io n s
Average — Many A coustical Leaks 0 .0 0 1
a n d  P en e tra tio n
Poor — many Acoustical Leaks 0 .0 1
and  v is ib le  holes
the transmission loss, TL, of the wall have been determined, the sound power levels, 
^W(room)’ assoc*a*e<^  with the acoustic energy radiated into the adjacent room is obtained by 
subtracting the transmission loss of the wall from the sound power levels incident on the wall,
LW(room) “  LW(wall) TL ' ( 6  30)
The fined step is to convert from the sound power levels, ^YV(room)’ sounc  ^ energy
radiated into the receiving room to the corresponding sound pressure levels, kp^roomy In the
Table 6.11 Sound Absorption Coefficients for Typical Receiving Rooms
1/1 Octave Band Center Frequency — Hz 
Type of Room 63 125 250 500 WOO 2000 4000
Dead: 0.26 0.30 0.35 0.40 0.43 0.46 0.52
Acoustical ceiling, plush carpet, 
soft furnishing, people
Medium Dead: 0.24 0.22 0.18 0.25 0.30 0.36 0.42
Acoustical ceiling, commercial carpet, 
people
Average: 0.25 0.23 0.17 0.20 0.24 0.29 0.34
Acoustical ceiling or commercial carpet, 
people
Medium Live: 0.25 0.23 0.15 0.15 0.17 0.20 0.23
Some acoustical material, people
Live: 0.26 0.24 0.12 0.10 0.09 0.11 0.13
People only
vicinity of the wall, the sound pressure levels will remain fairly constant as distance from the 
wadi is increased. For this case, the sound pressure levels are given by
kp(room) ^W(room) ^ 10
l  , 4(1 -  a)
w SR tt
+  10.5
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(6.31)
where Ot is the average absorption coefficient for the receiving room, S_ is the total surface arearl
2 . . 2 (ft ) of the receiving room, and is the area (ft ) of the common wall between the
mechanical equipment room and the adjacent (receiving) room. (2) Typical values for a  are
given in Table 6.11. As distance away from the wall increases, the sound pressure levels will
begin to decrease. (33,42) This usually occurs when the surface area of a hemisphere with a
radius equal to the distance from the wall becomes greater than S^.. It is assumed that the
sound is radiating into half space from the wall. For this case, the sound pressure levels are
given by
kp(room) ^W(room) ^ 10
1 MFP 4(1 — q) 
2  +  r2 m M
+  10.5 (6.32)
where r is the distance (ft) from the wall, a  and S^j are defined as before, and MFP is the
mean free path. (42) MFP is given by 
4 VMFP =
JM
(ft) (6.33)
3 2where V is the receiving room volume (ft ) and is the total surface area (ft ) of the
receiving room. If the distance, r, from the wall at which L , . is to be calculated is suchp(room)
2that 27Tr >  S^y, use equation (6.31).
EXAMPLE 6.3
A mechanical equipment room has the following dimensions: height =  12.75 ft, length = 
12 ft, and width =  14.5 ft. An adjacent room has the following dimensions: height =  9.0 ft, 
length =  12 ft, and width =  14.5 ft. The longer wall is the common wall between the two 
rooms. It has the following dimensions: height =  9.0 ft and width =  14.5 ft. A sound source 
is placed on the floor of the mechanical equipment room 3 feet from the common wall. The 
receiving point in the adjacent room is 6  feet from the common wall. The mechanical
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equipment room is constructed of painted concrete blocks. There is no fiberglass sound 
absorbing material in the mechanical equipment room. The common wall is: 8  in x 8  in x 18 
in 3—cell light concrete block (28 lb/block) painted on both sides. Assume the adjacent room 
is acoustically medium dead. Determine the values of the sound pressure levels in the receiving 
room, kp^rooniy  minus the value of the sound power levels of the sound source in the 
mechanical equipment room, L^y. Assume DF =  1.
2
Sj =  Surface area of floor and ceiling of mech eq rm =  2 • 12 • 14.5 =  348 ft
Sg =  Surface area of walls of mech eq rm =  2 *(12.75* 12 +  12.75* 14.5) =  675.75 ft2
2
Sjyj =  Total surface area of mech eq rm =  675.75 +  348 =  1,023.75 ft
2
S „ . =  Surface area of common wall =  9 • 14.5 =  130.5 ft W
r  =  .00001 (Table 6.10)
Sj^ =  Total surface area of adj room =  2 • (9 • 12 +  9 • 14.5 +  12 • 14.5) =  825 ft2
9
V =  Volume of adjacent room =  9* 12* 14.5 =  1566 ft
2*7T*r2  =  2-7T-62  =  226.2 ft2  
2
27Tr >  Syyi therefore, use equation (6.32) for calculating L (roomy 
MFP =  4*1566/825 =  7.6 ft 
The results are tabulated below.
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1/1 Octave Band Center Frequency — Hz 
63 125 250 500 1000 2 0 0 0 4000
Mechanical equipment room:
a ,  eq. (6.27) .076 .069 .036 .046 .053 .066 .063
(l -  a ) /S M a .0119 .0131 .0262 . 0 2 0 2 .0175 .0138 .0145
l/(4S w +  2 fli2) .0017 .0017 .0017 .0017 .0017 .0017 .0017
LW(wall) ~  LW 
eq. (6.25)
2.4 2.9 5.6 4.6 4.0 3.1 3.3
TL through common wall:
TL of wall 
(Table 6.9) 
TL, eq. (6.29)
34.0
-34 .0
38.0
-38 .0
38.0
-38.0
40.0
-40 .0
46.0
-45 .0
54.0
-49.0
58.0
-49.0
Adjacent room:
a  (Table 6.11) 
(m fp/r) •
0.24
.0194
0 . 2 2
.0218
0.18
.0280
0.25
.0184
0.30
.0143
0.36
.0106
0.42
.0077
[4(1 — a ) /S Ra]
1/2 7Tr2 .0044 .0044 .0044 .0044 .0044 .0044 .0044
kp(rm) ^W(rm) 
eq. 6.32
-5 .7 -5 .3 -4 .4 -5 .9 - 6 . 8 -7 .7 - 8 . 6
L , , -  Lw , dB -37 .3  —40.4 -36.8  -41 .3  —47.8 -53 .6  -54.3
EXAMPLE 6.4
The long wall in the mechanical equipment room in EXAMPLE 1 has a 48 in x 36 in 
hole in it. The hole is 6  feet from the sound source. Determine the change in sound power 
levels between the sound source and the hole. Assume DF =  1.
From Example 6.3:
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S, =  348 ft2  S„ =  675.75 ft2  S . ,  =  1023.75 ft21 2  M
o
S „  =  Area of hole in wall =  3 * 4 =  12 ft H
The results are tabulated below.
1/1 Octave Band Center Frequency — Hz
63 125 250 500 1 0 0 0 2 0 0 0 4000
a ,  eq. (6.27) .076 .069 .036 .046 .053 .066 .063
( i - a ) / S M a .0119 .0131 .0262 .0 2 0 2 .0175 .0138 .0145
1/2 7Tl2 .0044 .0044 .0044 .0044 .0044 .0044 .0044
-7 .1 - 6 . 8 -4 .4 -5 .3 -5 .8 - 6 . 6 -6 .4
eq. (6.26)
6.4 SOUND ATTENUATION IN OUTDOOR ENVIRONMENTS
There are times when it is necessary to determine the sound pressure levels associated 
with HVAC equipment outdoors. When investigating the propagation of sound outdoors, it is 
necessary to take into account meteorological effects on sound propagation, the attenuation 
effects of ground coverings, atmospheric sound absorption, the sound attenuation associated 
with barriers, and the effects of reflecting surfaces. Accurate acoustical analyses associated with 
all of these can be rather complicated. However, this accuracy often is not justified because the 
acoustical effects of the above factors are very variable. The acoustical analysis presented in 
this section will be simplified to give an estimate of outdoor sound pressure levels associated 
with HVAC equipment that are affect by spherical spreading, reflecting surfaces and barriers.
The sound pressure level, L^, of a simple sound source associated with spherical 
spreading into whole space (no reflecting surfaces) is
LP = Lw - 20'Logio
r
rref
+  DI (6.34)
where is the sound power level (dB) of the sound source, r is the distance from the source
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Lp =  LW -2 0 -L o g  [r] +  2 .3 .
(ft) a t which L is determined and r ,  is the reference distance equal to .9252 feet. When r .p ref n ref
is in feet, equation (6.34) becomes
Lp =  Lw  “  2 0 ' L o g i o  M  +  D I  -  ° ' 7  • ( 6 - 3 5 )
When considering the propagation of sound over the ground, the ground must be 
considered as a reflecting plane. If the sound source is located close to the ground, it can be 
considered to radiate sound into half space. When this is the case, DI equals 3 dB. Thus, 
equation (6.35) becomes
(6.36)
If the sound source is near vertical reflecting surface, the sound pressure level at a distance r 
from the sound source is given by
(6.37)
where AL is the correction term associated with the vertical reflecting surface. (2 0 ) Figure 6 .2
shows a point sound source near a hard reflecting surface. The effect of the reflecting surface
can be modeled by placing an image sound source on the side of the reflecting surface opposite
the sound source. As the figure indicates, there are two paths between the sound source and
the receiver. One is path of the directly radiated sound wave between the source and receiver.
The distance of this path is r . The other is the path of the reflected sound wave between the
sound source and receiver. The distance of this path is r.. r. is also the distance between thel i
image sound source and the receiver. If the reflecting surface is a vertical surface, the effects of 
this surface and the corresponding value of AL is a function of the distance between the sound 
source and the reflecting surface and the distance between the sound source and the receiver. 
This is shown in Figure 6.3. As the figure indicates, AL can be expressed as a function of 
r ./r  . AL can be expressed by
A L =  3.00 - 9 . 2 9 -Log
10
r. r. 2 r.l
r +  10.13 Logio
l
r
1 CO 00
L o g 1 0
l
rs . s . . _ s .
(6.38)
r.
AL =  0  for -  > 1 0  rs
Nonporous barriers, if placed between the sound source and receiver, can result in
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significant excess attenuation of sound (Figure 6.3). This is because sound can reach the 
receiver only by diffraction around or over the boundaries of the barrier. The results presented 
here are based on experimental data which are consistent with the results of optical—diffraction 
theory. According to Fresnel diffraction theory, only that portion of a wave field due to a 
sound source that is incident along the top edge of a barrier contributes appreciably to the 
wave field that is diffracted over the wall. Figure 6.5 shows the excess attenuation associated 
with an infinite barrier for the case where the receiver and/or a point sound source are at some 
point above the ground. (3,17)
The excess attenuation in Figure 6.5 is plotted as a function of the Fresnel number, N,
where
N =  |  S (6.39)
A is the wave length (ft) which corresponds to the center frequency of the frequency band being 
analyzed. 6 is called the path length difference (ft) and is given by
6 =  A +  B -  D (6.40)
It is desirable to write equation (6.40) in terms of the sound source and receiver distances a (ft) 
and b (ft) from the barrier, sound source and receiver heights hg (ft) and hf (ft), and the 
barrier height H (ft). Thus,
A =  a2  +  (H -  hg ) 2  (6.41)
B =  b 2  +  (H -  h ) 2  (6.42)
D = (a +  b ) 2  +  (hs -  h / (6.43)
The excess attenuation, AA, can be determined using Figure 6.5 or the following equation
]J 2 _  o ." "  i"T r»n l 3AA  =  13.24 +  7.80-Log1()[N] +  1.17* Log1 0 [N] (6.44)Log1()[N]j -0 .3 7 -
Figure 6.5 indicates that the value of A A  does not exceed 24 dB. Thus, the value of AA in 
equation (6.44) must be less than or equal to 24 dB. When the excesses attenuation for a 
barrier is taken into account equation (6.37) becomes
(6.45)Lp “ LW 2 0 - Log1() [r] +  2.3 +  AL -  AA .
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Figure 6.5 Excess Attenuation of Sound Associated with a Rigid Infinite Barrier
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Many practical situations exist where barriers are of finite length. If the sound source is 
a point source, the sound level at the receiver location is obtained by first calculating the 
individual sound pressure levels for sound traveling over the barrier and around each end of the 
barrier. After the individual sound pressure levels a t the receiver location have been calculated, 
the overall sound pressure level is obtained by adding the three individual sound pressure 
levels. For most situations where a barrier is used to attenuation noise from HVAC equipment, 
the barrier will enclose the equipment on three sides. When this is the case the barrier can be 
considered as an infinite barrier.
With respect to barrier design, the following usually applies. Excess barrier attenuations 
of 10 dBA or less are easily attainable. Barrier excess attenuations up to 15 dBA are difficult 
to obtain. Barrier excess attenuations over 20 dBA are nearly impossible to obtain. (26)
EXAMPLE 6.5
A fan is located 3 feet from a vertical reflecting surface and 5 feet from a 6  foot barrier. 
The barrier can be considered infinite. Both the fan and the receiver are located 2 feet above 
the ground. Determine the sound pressure level 15 feet from the fan if the sound power levels 
of the fan are as follows.
1/1 Octave Band Center Frequency — Hz
63 125 250 500 1000 2000 400Q 8000
L „., dB 91 87 83 82 78 76 72 69W
The distance correction for this example is:
Lp =  LW -  2°-L°Sio W  - 0 J  =  Lw - 24-2 dB- 
The excess attenuation associated with a barrier is determined using equations 6.37 — 6.44.
A = 52  +  ( 6  -  2) 2  =  6.4 ft
B = 1 0 2  +  ( 6  -  2 ) 2  =  1 0 .8  ft
(5 +  10) 2  +  (2 -  2) 2  =  15 ftD =
The path length difference, 6, is given by
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<S=A +  B — D =  6.4 +  10.8 -  15 =  2.2 ft 
The Fresnel number, N, is then given by
x t  2  •  /  c  2  •  /  r
T  Co 1125 f t /s '
N =  5 6 2 l ' 2,2 =  255/7 
The results for calculating N are summarized below.
1/1 Octave Band Center Frequency — Hz 
63 125 250 500 1000 2000 4000 8000
N 0.24 0.48 0.97 1.95 3.91 7.82 15.6 31.3
The excess barrier attenuation can now be determined using Figure 6.5 or equation 6.44.
The correction for the vertical reflecting surface can be determined using equation 6.38 or
Thus,
AL =  3.00 -  9.29-(0.1461) +  10.13• (0.1461)2 -  3.84-(0.1461)3 
A L =  1.9 dB
Since the fan is reflecting into half space a 3 dB correction must be made. The solution to this 
example is summarized in the following Table.
1/1 Octave Band Center Frequency -  Hz
63 125 250 500 1 0 0 0 2 0 0 0 4000 8000
Lw , dB 91.0 87.0 83.0 82.0 78.0 76.0 72.0 69.0
Dist. Corr., dB -2 4 -2 4 -2 4 -2 4 -2 4 -2 4 -2 4 -2 4
AA, dB - 9 - 1 1 -1 3 -1 6 -1 8 - 2 1 -2 4 -2 4
AL, dB 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9
1/2 Space Corr. 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
L @ Rec., dB 
P
62.8 56.8 50.6 47.1 40.5 35.8 28.7 25.7
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CHAPTER 7 
SOME BASICS
7.1 ADDITION OF SOUND LEVELS
The most common parameter which is used to give an indication of "loudness" is the
sound pressure level, L^. The sound pressure level, (dB), is defined
2P PT , rms r , rms
l p =  1 0 ' Io s i o ~  ”  LP =  2 0 ' ' ° g i o r _ :  ( 7 1 )
p r . f  r e f
where Prmg is the root—mean—square value (rms) of acoustic pressure (Pa). p  ^ is the
reference sound pressure and has a value of 2 X 10~^ Pa or 0.0002 /Ibar. This amplitude was
selected because it is the amplitude of the sound pressure that roughly corresponds to the
threshold of hearing at a frequency of 1000 Hz. The intensity level, Lj (dB),is defined
LI =  10-Log1() {—  (7.2)
ref
2where I is acoustic intensity (w atts/m  ). I^j. is the reference intensity level and has a value of 
—12 210 w atts/m  . This value is obtained from the following relationship 
2p f -
I , =  . re .—  where p ,  =  2 x 10 Pa, (/9 c )  .  =  400 MKS raylsref (/9 c ) ,  *ref vro o 'ref' r o o 'ref
Therefore,
1^  =  1 0  ^  watts/m^.
The sound power level, (dB), is defined
Lw = 10' logioW~, (7-3)ref
—12where W is sound power (watts). W is the reference sound power and has a value of 10
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watts.
W ith respect to HVAC systems, noise reduction, NR (dB), is
NR = LP(1) “  LP(2) (?-4)
where is the sound pressure level (dB) of the sound entering a duct element and is
the sound pressure level (dB) of the sound coming out of the element. Insertion loss, IL (dB),
is
IL =  L , , > — L , . (7.5)p(w/o) p(w)
where *s soun<i  pressure level (dB) at a point without a specific duct element
inserted and *s ^he sound pressure level (dB) at the same point with the duct element
inserted. Transmission loss, TL(dB), is
TL =  -1 0  Log1() (7.6)
L in J
where W .^ is the sound power (watts) of sound entering a duct element and W  ^ is the sound 
power (watts) of the sound exiting the duct element.
Often it is necessary to add the sound pressure levels at a point in a room from several 
sound sources or sound power levels at a specific point in a duct system associated with 
different duct elements. When adding sound power or sound pressure levels, the total level, L^, 
(dB), is
Lt  =  10 Log1 ()[SUM] (7.7)
where
[L /10] [L /10] [L J1 0]
SUM =  10 P +  10 P +  10 P +  ...
when adding sound pressure levels and
[L /10] [L /10] [L /10]
SUM =  10 +  10 +  10 W '5 +  ...
when adding sound power levels. When examining the sound propagation in an HVAC system,
it is necessary to subtract noise reduction, insertion loss, or transmission loss values from a
given value of sound power at different points in the system. When this is done,
LW2 =  LW1 “  NR or LW2 =  LW1 — IL 01 LW2 =  LW1 — TL
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where is the sound power level before a duct element and *s the sound power level 
after the element.
EXAMPLE 7.1
Two pieces of machinery are radiating sound into the same space. The sound power 
level of the first piece of machinery is 85 dB, the sound power level of the second piece of 
machinery is 79 dB. Determine the total sound power level.
To determine the total sound power level it is first necessary to determine the sound 
power of each piece of machinery. This is accomplished using the following equation
LW =  101°glO W  or W =  Wref.10L w /1 ° (Wr e f = l x l 0 - 1 2  Watts)
ref
For the first piece of machinery the sound power is
-1 2  8 5 / 1 0  - 4W j =  (10 ) • 10 =  3.16 x 10 W atts
For the second piece of machinery the sound power is
- 1 2  79 /10  - 5W2  =  (10 )• 10 =  7.94 x 10 W atts
The total sound power, W ^, is
WT  =  W 1 +  W 2  =  3.95 x 10- 4  W atts
The final sound pressure level is then
T in , 3.95 x 10- 4  JT1Lw  =  10- l o g ------------ - r z  =  8 6  dB
1 x 1 0
The subtraction of insertion loss values, or attenuation, does not need to be performed 
logarithmically. In other words if we have a sound source that has a sound power level of 8 6  
dB, and we take a 10 dB attenuation for noise control measures the final sound power level 
would be
8 6  dB -  10 dB =  76 dB 
The same would apply for sound pressure levels or acoustic intensity levels.
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EXAMPLE 7.2 ADDITION OF SOUND POWER LEVELS
Following is an example of the addition of sound power levels. Sound power must be 
added logarithmically so the sound power of each source must be determined using the 
following equation:
V 10 V 10 - 1 2
W =  10 ’^ r e f  =  ^  *(1 x 10 ). (where W is in W atts)
Insertion losses do not need to be added logarithmically. Insertion losses should be subtracted
from the toted or subtotal of the sound power level respectively. This example contains sound
power levels from three sound sources and an insertion loss. Find the final total sound power
level in dB. Since the reference value for acoustic intensity is numerically the same a the
—12reference value for sound power ( 1  x 1 0  ) the same algorithm may be used for adding
acoustic intensity levels.
63 125 250
84 87 90
74 95 93
70 78 8 6
6 1 1 17
W j (x 1 0 - 4 ) 2.5 5.0 1 0 .0
W 2  (x 1 0 - 4 ) 0.25 31.6 2 0 .0
W 3  (x 1 0 " 4) 0 .1 0 0.63 4.0
WToUl <* l t r 4 > 2.85 37.2 34.0
Lwtotal
IL
84.5 95.7 95.3
—6 - 1 1 -1 7
Lw 78.5 84.7 78.3
500
89
1 0 0 0
91
2 0 0 0
8 8
4000
87
8000
84
98 99 92 8 8 87
8 6 73 67 59 57
2 2 28 32 24 2 0
7.9 1 2 .6 6.3 5.0 2.5
63.1 79.4 15.8 6.3 5.0
4.0 0 .2 0 0.05 0.008 0.005
75.0 92.2 22.15 11.3 7.51
98.8 99.6 93.5 90.5 8 8 .8
- 2 2 -2 8 -3 2 -2 4 - 2 0
76.8 71.6 61.5 66.5 6 8 .8
EXAMPLE 7.3 ADDITION OF SOUND PRESSURE LEVELS
Following is an example of the addition of fully correlated sound pressure levels. Like
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sound power, sound pressure levels must be added logarithmically. The sound pressure of each
source must be determined using the following equation:
Lp /2 0  L p /20
P =  10 *Pref =  ^  *(2 x  10 ). (where P is in Pa (N /m  )
Insertion losses do not need to be added logarithmically. Insertion losses should be subtracted
from the total or subtotal of the sound pressure level respectively. This example contains
sound pressure levels from three sound sources and an insertion loss. Find the total sound
.pressure level in dB.
63 125 250 500 1 0 0 0 2 0 0 0 4000 8000
L
P
74 78 77 77 75 77 75 6 6
L
P
73 83 8 6 80 76 78 79 71
L
P
84 89 8 8 8 6 90 91 85 78
IL 6 11 17 2 2 28 32 24 2 0
P 1
0 .1 0.16 0.14 0.14 0 .1 1 0.14 0 .1 1 0.04
P 2
0.09 0.28 0.4 0 .2 0.13 0.16 0.18 0.07
P3 0.32 0.56 0.50 0.4 0.63 0.71 0.36 0.16
Total 0.5 1 .0 1.04 0.74 0.87 1 .0 1 0.65 0.27
1 67.9 94 94.3 91.4 92.8 94.1 90.2 82.6
^total
IL —6 - 1 1 -1 7 - 2 2 -2 8 -3 2 -2 4 - 2 0
L
P
61.9 83 77.3 69.4 64.8 62.1 6 6 . 2 62.6
7.2 COMPARISON OF CALCULATED RECEIVER ROOM SOUND 
PRESSURE LEVELS WITH SPECIFIED DESIGN CRITERIA
In an effort to simplify the task of an engineer in specifying acceptable acoustical
environments for different activity areas, Beranek carried out a study which resulted in a set of
noise criteria curves.(3) These curves are a result of a statistical analysis of data from the
subjective responses of many office workers to various acoustical environments. The noise
ratings made by these workers were plotted against speech interference levels and loudness
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Figure 7.1 Noise Criteria Curves
levels. The resulting speech interference level and loudness level criteria were then translated 
into the noise criteria curves shown in Figure 7.1. These curves apply to steady noise and 
specify the maximum noise levels permitted in each 1/1 octave band for a specified NC curve. 
For example, if the noise requirements for an activity area call for a NC 20 rating, the sound 
pressure levels in all eight 1 / 1  octave frequency bands must be less than the corresponding
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values for the NC 20 curve. Conversely the NC rating of a given noise equals the highest 
penetration of any of the 1/1 octave band sound pressure levels into the curves. If the farthest 
penetration falls between two curves, the NC rating is the interpolated value between the two 
curves.
Table 7.1 shows the recommended NC levels for several activity areas. The lower NC 
levels in the table should be used in buildings where high quality acoustical environments are 
desired. The upper levels should be used only for situations where economics or other 
conditions make use of the lower values impractical. Table 7.2 shows telephone use and 
listening conditions as a function of NC levels.
EXAMPLE 7.4
The following 1/1 octave band sound pressure levels were measured in a laboratory work 
area. W hat is the NC rating of the noise in the work area?
Freq. -  Hz 63 125 250 500 1000 2000 4000 8000
Lp (OBL) ” dB 5 0  5 5  5 8  5 8  5 5  5 0  4 5  3 9
Figure 7.2 shows a plot of the above data relative to the NC curves. Since the 1 / 1
octave band sound pressure level in the 500 Hz 1/1 octave band penetrates to the NC 55 curve,
the NC rating of the work area is NC 55.
ROOM CRITERION CURVES
HVAC noise is often the primary type of background noise that exists in many indoor 
areas. Experience has indicated that when HVAC background noise is present the use of NC 
levels has often resulted in a poor correlation between the calculated NC levels and an 
individual's subjective response to the corresponding background noise. The method used to 
determine NC levels in not sensitive to the way in which people subjectively respond to 
background noise. People can respond quite differently to background noise sources that have 
the same NC levels, but have different spectrum shapes. Noise which has a spectrum shape
Table 7.1 Recommended NC levels for Different Indoor Activity Areas (37)
RESIDENCES
Private home (rural 20-30
and suburban)
Private home(urban) 25-35
Apartment house 30-40
HOTELS
Individual rooms 30-40
Ballroom, Banq. Rm 30-40
Halls, corridors 35-45
lobbies
Garages 40-50
Kitchens, laundries 40-50
HOSPITALS & CLINICS
Private Rooms 25-35
Operating rooms 30-40
Wards, corridors 30-40
Laboratories 30-40
Lobbies waiting rms 35-45
Washrooms, toilets 40-50
OFFICES
Board rooms 20-30
Conference rooms 25-35
Execuative offices 30-40
General offices 30-45
Reception rooms 30-45
General open office 35-45
Drafting rooms 35-45
Hall & corridors 40-50
Tabulation and 40-50
computation areas
AUDITORIUMS AND
MUSIC HALLS
Concert,opera halls 15-25
Sound record studio 15-25
Legitimate theaters 25-30
Multi-purpose halls 25-30
Movie theaters 30-35
TV audience studios 30-35
Ampitheates 30-35
Lecture Halls 30-35
Planetariums 30-35
Lobbies 35—45
CHURCHES AND SCHOOLS 
Sanctuaries 20—30
Libraries 30—40
Schools & Classrooms 35—45
Laboratories 35—45
Recreation Halls 35—50
Corridors & Halls 35—50
PUBLIC BUILDINGS 
Libraries, Museums 
Court rooms 
Post Office, lobbies 
Gen. banking areas 
Washrooms, toilets
30—40
30-40
35-45
35-45
40-50
RESTAURANTS, LOUNGES, 
CAFETERIAS
Restaurants 35—45
Cocktail lounges 35—40
Night Clubs 35—45
Cafeterias 40—50
RETAIL STORES 
Clothing stores 
Department stores 
(upper floors) 
Department stores 
(main floors) 
Small retail stores 
Supermarkets
INDOOR SPORTS 
ACTIVITIES 
Coliseums 
Bowling alleys 
Gymnasiums 
Swimming pools
TRANSPORTATION (RAIL, 
BUS, PLANES)
Ticket sales offices 
Lounges, waiting rms
35-45
35—45
40-50
40-50
40-50
30-40
35-45
35-45
40-55
35-50
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Figure 7.2 NC level for Example 7.4
Table 7.2 Listening Conditions and Telephone Use as a Function of NC levels
NC Level Environment Telephone Use Listening Conditions
< 2 0 Very Quiet Excellent Critical
2 0 - 3 0 Quiet Excellent Excellent
3 0 - 4 0 Moderately Noisy Good Good to Satisfactory
4 0 - 5 0 Noisy Satisfactory Satisfactory to Slightly Difficult
5 0 - 6 0 Very Noisy Difficult Difficult
similar to the NC curves in Figure 7.1 is not very pleasant sounding. It will usually have both 
a low frequency rumble and a high frequency hiss. As a means of overcoming the above 
shortcomings associated with NC levels, Blazier introduced the room criteria (RC) curves shown 
in Figure 7.3.(7) According to Blazier, there are four factors that should be considered when 
assessing HVAC system background noise: (1) level, (2) spectrum shape or balance, (3) toned 
content, and (4) temporal fluctuations.
There are two parts to determining the RC noise rating associated with HVAC 
background noise. The first is the calculation of a number which corresponds to the speech 
communication or masking properties of the noise. The second is designating the quality or 
character of the background noise. The procedure for determining the RC rating is:
1. Calculate the arithmetic average of the 1/1 octave band sound pressure levels 
in the 500 Hz, 1,000 Hz and 2,000 Hz 1/1 octave frequency bands. Round off 
to the nearest integer. This is the RC level associated with the background 
noise.
2. Draw a line which has a —5 dB/octave slope which passes through the
calculated RC level at 1,000 Hz. For example, if the RC level is RC 32, the
line will pass through a value of 32 at the 1,000 Hz 1/1 octave band. This
value may not be equal to the value of the 1 / 1  octave band sound pressure 
level of the background noise in the 1,000 Hz 1/1 octave band.
3. Determine the subjective quality or character of the background noise.
According to Blazier, the subjective rating of background noise of similar RC level can 
be classified as follows:
1. Neutral: Noise that is classified as neutral has no particular identity with
frequency, It is usually bland and unobtrusive. Background noise which is 
neutral usually has a 1/1 octave band spectrum shape similar to the RC curves 
in Figure 2. If the 1/1 octave band data does not exceed the RC curve by 5 
dB the background noise is neutral and a "(N)" can be placed after the RC 
level.
2. Rumble: Noise that has a rumble has and excess of low-frequency sound
energy. If any of the 1/1 octave band sound pressure levels below the 500 Hz 
1/1 octave band are more than 5 dB above the RC curve associated with the 
background noise in room, the noise will be judged to have a "rumbly" quality 
or character. If the background has a rumbly quality, place a "(R)" after the 
RC level.
3. Hiss: Noise that has an excess of high-frequency sound energy will have a 
"hissy" quality. If any of the 1/1 octave band sound pressure levels above the 
500 Hz 1 / r  octave band are more than 3 dB above the RC curve, the noise will 
be judged to have a hissy quality. If the background noise has a hiss quality, 
place an "(H)" after the RC level.
4. Tonal: Noise that has a tonal character usually contains a humming, buzzing, 
whining, or whistling sound. When a background sound has a tonal quality, it 
will generally have one 1 / 1  octave band in which the sound pressure level is 
noticeably higher than the other 1/1 octave bands. If the background noise 
has a tonal character, place a "T" after the RC level.
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Figure 7.3 Room Criterion Curves
Background noise which has a 1/1 octave band spectrum that falls within the limiting 
boundaries identified with rumble and hiss and which has no tonal components is classified as 
neutral.
It is desirable to have background noise that has a 1/1 octave band spectrum that has a
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neutral character or quality. If the noise spectrum is such that is has a rumble, hiss or tonal 
character, it will generally be judged to be objectionable. If the background noise has a neutral 
quality, the NC levels specified in Tables 7.1 and 7.2 can be used to indicate the desired RC 
levels in different indoor activity areas.
EXAMPLE 7.5: The 1 / 1  octave band sound pressure levels of background noise in an office 
area are given below:
Freq. -  dB 31.5 63 125 250 500 1000 2000 4000
Lp (O B L )~ dB 70 62 54 46 40 33 27 20
Determine the RC level and the corresponding character of the noise.
The RC level is determined by obtaining the arithmetic average of the 1/1 octave band 
sound pressure levels in the 500 Hz, 1,000 Hz, and 2,000 Hz 1/1 octave bands, or 
RC =  4 0  +  3 3  +  2 7  or RC _  3 3  
Thus, the RC level is RC 33. The 1/1 octave band sound pressure levels for the background 
noise are plotted in Figure 7.4. The RC 33 curve (level in 1,000 Hz 1/1 octave band is 33 dB) 
is shown in the figure. A dashed line 5 dB above the RC 33 curve for frequencies below 500 Hz 
and a dashed line 3 dB above the RC 33 curve for frequencies above 500 Hz are also shown in 
the figure. An examination of the figure indicates that at frequencies below the 250 Hz 1/1 
octave band, the 1/1 octave band sound pressure levels of the background noise are 5 dB of 
more above the RC 33 curve. Thus, the background noise has a rumble character. The 1/1 
octave band sound pressure levels above 500 Hz are equal to or below the RC 33 curve, so there 
is no problem at these frequencies. The RC rating of the background noise is RC 33(R).
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CHAPTER 8 
CONCLUSIONS AND RECOMMENDATIONS
This project has pulled together nearly all relevant information related to HVAC 
acoustics that currently exists in open literature. The following are conclusions relative to this 
information.
FANS
The information on fan sound power levels that is presented here is from material on 
fans included in the last two revisions of the "Sound and Vibration Control" chapter of the 
ASHRAE Systems Handbook. (36,38) A comparison of this information with selected 
manufacturers' fan data has indicated that there are areas of significant disagreement between 
the ASHRAE fan data and corresponding manufacturers' data. Thus, the ASHRAE fan data 
should be adjusted to eliminate, as much as possible, these areas of disagreement.
DUCT ELEMENT REGENERATED SOUND POWER
Information pertaining to duct element regenerated sound power appears to be good. 
Work performed by Ver and information in the "Sound and Vibration Control" chapter of the 
1987 ASHRAE HVAC Systems and Applications Handbook are reasonably thorough in this 
area. (36,44,45,46,47) Typically, HVAC duct systems that are properly designed do not have 
significant duct element, regenerated noise problems. Thus, there appears to be no real need 
for additional work in this area.
DUCT ELEMENT SOUND ATTENUATION
No new information has been presented on sound plenums since Wells' published his
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paper in 1958. (48) Sound plenums are often used to attenuate low frequency sound from fans. 
There is currently no good data relative to the low frequency attenuation characteristics of 
plenums. Also, all of the information that is available is for the case where the plenum outlet 
is parallel to the plenum inlet and for the case where there is only one plenum outlet. There 
are many situations where the plenum outlet is perpendicular to the plenum inlet and where 
there are more than one plenum outlet for an individual plenum. Since sound plenums are 
often an important element in controlling low frequency sound in HVAC systems, work should 
be initiated to generate accurate information in these areas.
Experimental data for unlined rectangular ducts is old, irregular, and difficult to 
correlate. (10,14,29,39,45) The information that is available indicates that rectangular ducts 
can have a significant impact on the attenuation of low frequency sound in HVAC systems. 
However, there is some question relative to the accuracy of this data. Also, the results of using 
insertion loss data for acoustically lined rectangular ducts indicate that unlined rectangular 
ducts can have higher sound attenuation at low frequencies than correspondingly sized 
acoustically lined rectangular ducts. There currently is no reliable information on how the 
sound attenuation associated with unlined rectangular ducts can be properly combined with the 
measured insertion loss data for acoustically lined rectangular ducts to give the total sound 
attenuation of the ducts. Work should be initiated to generate this information.
Experimental data for acoustically lined rectangular and circular ducts is very recent and 
appears to be good for no flow conditions. (8,22,23,24) Work needs to be done for sound 
attenuation in lined ducts under actual flow conditions.
Information associated with the sound attenuation of unlined, rectangular and radiused, 
sheet metal elbows, and for acoustically lined, rectangular, sheet metal elbows is sparse and 
very old. The information that is available is based on Figure 4.26, which is taken from 
Beranek's book, Noise Reduction, published in I960. (4) Work should be initiated to obtain 
current and accurate information relative to the sound attenuation provided by unlined, 
rectangular and radiused, sheet metal elbows and acoustically lined, rectangular, sheet metal
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elbows.
Recent data was used to determine the equations used to calculate the sound attenuation 
of acoustically lined, radiused, circular elbows. (8 ) This data appears to be good and 
reasonably accurate. The data that was analyzed was obtained for no—flow conditions. Data 
is available and should be analyzed to determine the effects of air flow on the sound 
attenuation associated with acoustically lined, radiused, circular elbows.
Product data for duct silencers is quite substantial. Although data for duct silencers 
may be a little optimistic at times, this is the best data available and should be used when 
determining the sound attenuation through duct silencers.
Information for duct branch sound power attenuation is good. Work performed by Ver 
covers branch sound power division very well. (44,46)
Very little experimental data relative to the low frequency sound attenuation associated 
with duct end reflection losses is available in the open literature. Work done by Sandbakken, 
Pande and Crocker is one of the more significant works in this area and is the basis for the 
AMCA Standard 300—85. (1,32) The data used applied only to round ducts or low aspect 
ration rectangular ducts and to open ducts that either terminate flush with a wall or terminate 
in free space. The data did not take into account the effects of diffusers placed over the end of 
the ducts. Since duct end reflection loss accounts for a significant amount of the low frequency 
sound attenuation in HVAC duct systems, work should be initiated to determine the effects of 
high aspect—ration rectangular ducts and of diffusers on acoustical duct end reflection losses. 
DUCT BREAKOUT AND BREAKIN
Measurements made by Cummings for duct breakout and breakin in rectangular, 
circular, and flat oval ducts were made under no flow conditions. (11,12) There is justification 
that airflow induced vibration of duct walls is a significant source. This should be investigated. 
Work performed by Cummings on breakout and breakin of externally lagged rectangular ducts 
tends to give optimistic results. Experimental work performed by Harold on similar types of 
duct systems gives conflicting results. (19) Work needs to be performed in this area to clear up
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these discrepancies.
SOUND TRANSMISSION IN INDOOR SPACES
Single pass Transmission loss data for acoustical ceilings is very limited, particularly for 
integrated ceiling systems. Work needs to be performed to gather more data on integrated 
acoustical ceiling systems.
Disagreements with regard to low frequency acoustical properties of rooms exist. The 
discrepancies should be resolved. There is some discrepancy between experimental studies by 
Shultz and Thompson on similar spaces. (33,42.43) Research needs to be performed to resolve 
these differences. There is no data to substantiate extrapolating Shultz' data down to 63 Hz. 
Work should be initiated to clear up the questions concerning the low frequency calibration of 
reference sound sources, to clear up the discrepancies in the results reported by Schultz and 
Thompson, and to yield information that can be used to describe the acoustical properties of 
rooms down to a 1/1 octave band center frequency of 63 Hz and possibly to 31.5 Hz.
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